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(poke  iol«  Ik*  mvehanitm  and  the  reaullinij 
lt(hl  modulation  wa>  cunverled  back  into  aougd  by 
Iho  CIU.  The  rcaponae  o(  the  celt  waa  luch  that 
Ike  individual  voice!  were  eaaily  underalandabte 
and  identifiable.  Tonal  quality  wae  Similar  to 
Ikal  of  Ike  conventional  telephone  act. 

The  HEAR  mcchaniam  waa  fabricated  and 
Initially  tcated  by  placing  the  abaorption  cell  near 
Ike  ear  and  detecting  the  output.  The  taacr  diode, 
blared  at  lOmW,  waa  1 00%  modulated  by  the  audio 
generator  and  the  light  aignal  waa  applied  to  the 
Hear  call.  The  tone  waa  eaaily  audible.  Final 
HEAR  horn  tcating  ita  continuing. 

The  Ring  mcchaniam  deacribed  in  Section  4 
waa  fabricated  and  teated  with  the  EtU.  After 
four  aeconda  of  a  16  mW  cw  light  aignal,  the  ring 
aignal  began  and  continued  until  the  light  pulae 
turned  off.  The  ring  produced  an  audio  output  of 
ISdB  at  a  diaunce  of  I  meter  from  the  mechaniam, 
aa  required. 

i.  CONCLUSIONS/ FUTURE  OF  THE  CONCEPT 


The  authora  wiah  to  thank 
Mr.  Rollic  McCollum  and  Mr.  Thomaa  Conroy 
for  their  work  on  the  mechanical  and  electronic 
interface  dcaigna  and  Mr.  Scott  Stewart  for  hia 
aaaiatance  in  the  fabrication  and  tcating.  The 
funding  for  the  program  waa  from  the  U.S.  Army, 
CECOM  at  Fort  Monmouth,  New  jeraey, 

REFERENCES  AND  FOOTNOTES: 

1.  S.  Edclman,  U.S.  Patent  Pending. 

2.  O.  Ktelnman  and  D.  Nelaon,  The  Photo* 
phone  •  An  Optical  Telephone  Receiver, 

J.  Acouat.  Soc.  Am.,  Vol.  S9.  No.  6., 

June  1976. 

3.  S.  Edelman,  Private  Conrununieationa, 
Aeouatie -Optic  Workahop,  Ft.  Monmouth, 
March  31,  1982. 

4.  O.  Nelaon,  K.  Wechl  and  O.  Kleinmao, 
Photophooc  Performance,  J.  Acouat.  Soc, 
Am.,  Vol.  60,  No.  1.,  July  1976. 


The  reaulta  of  the  current  atudy  indicate  that 
an  all  optical  telephone  aet  ia  technical  feaaible. 
The  implcmeotatiof  methoda  and  aubaequent 
deaigna  were  ehoaen  after  an  intenaive  literature 
aurvey  of  pact  reaearch  and  brainatorming 
aeaaiona  for  new  ideaa.  The  techniquea  aelected 
wore  determined  primarily  on  a  riak/performance 
baaia  where  the  loweat  riak  approach  having  the 
greateat  chance  of  auceeaa  waa  ehoaen.  It  la 
•bvioua  that  much  work  atill  needa  to  be  done  both 
in  optimialng  the  performance  and  manufacturing 
coat  paramctcra  of  thoae  functiona  ioveatigated 
In  tkia  atudy  aj  well  aa  other  functiona  auch  aa 
book  awltch,  aidetone  and  dialing.  The  aaaociated 
lecbnotoglea  required  already  ealat  with  low  loaa 
optical  fibera  and  high  power  laaer  diodea  com* 
mercially  available.  The  authora  arc  hopeful 
that  the  all  op.ical  telephone  firat  enviaioned  by 
Alexander  Graham  Bell  over  100  yeara  age,  wifi 
eoon  become  a  reality. 
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CAsc,  b«ftdwtdch  not  a  major  concefrA  and  ^a 
traded  ofi  tor  increased  response  over  a  narrow 
band.  The  lUNG  horn  is  similar  in  design. io  the 
llEAt\  horn  but  the  larger  dUn^eiera  are  «lu«  to 
the  different  load  impc<l*nce.  The  input  radius 
ia  0.  OS  cm  and  the  output  radius  is  I  S.  0  cm. 

The  overall  length  is  17  cm.  The  cell  volume 
It  5.0  X  10*^  cm^  and  the  equatixer  tube 
diameter  and.lengths  are  0.  02  cm  and  20cm 
respectively.  The  predicted  acouatie  output  ts 
shown  in  Figure  t.  1.  The  predicted  peak 
response  I  meter  from  the  horn  is  75 dB  with 
2.  5  mW  of  tight  and  increases  to  92  dB  with 
l«inW  of  light. 

The  second  approach  investigated  utilized 
the  optical  ring  signal  to  trigger  the  release  of 
mechanically  stored  energy  which  was  then  con« 
verted  Into  acoustic  energy  to  alert  the  user  of 
SA  Incoming  call.  Tile  released  mechanical 
energy  is  restored  at  the  conclusion  of  the  call 
through  the  action  of  the  rook  switch  which, 
when  depressed,  can  be  used  to  compress  a 
spring,  twist  a  torsion  bar.  or  displace  a 
weight,  etc.  The  actual  production  of  sound 
can  be  accomplished  with  a  bell  type  device, 
a  bellows/vibrating  reed.  etc. 

The  Initial  investigation  concentrated  on 
the  trigger  mechanism.  When  irradiated,  the 
trigger  released  a  predetermined  amount  of 
mechanical  energy  into  the  sound  producing 
device.  The  designed  mechanism  ineor« 
perated  a  bimetallic  strip;  when  heated  by 
optical  energy,  the  strip  bends  from  its  nor* 
mat  position  releasing  the  mechanical  energy. 

After  the  light  pulse  ends,  only  a  few  seconds 
Is  required  for  the  strip  to  cool  to  ambient 
nnd  return  to  its  initial  latching  position. 

Thus,  sach  light  pulse  can  trigger  a  ring  cycle. 

The  Harris  RING  mechanism,  incorporating 
the  bimetallic  trigger,  is  shown  in  Figure  d.  2. 
Mechanical  energy  is  stored  by  means  of  a  spring 
geartd  to  a  low  torque  governor.  The  bimetallic 
trigger  io  it«  normal  o(f  poaitton  Utehea  the 
fovernor.  When  a  ring  aignal  ia  aent.  the  light 
output  from  the  liber  ia  locuacd  by  two  lenaea  onto 
•  blackened  bimetal  atrip  which  dellecla  aa  it 
h.ata  up.  relraaing  the  governor.  The  drum 


rotalea.  cauaing  a  act  ol  bella  to  be  alruck, 
producing  a  round  much  tike  that  of  a  con¬ 
ventional  phone.  Although  the  feaaibility  dtaign 
imptementat.d  war  conatrucled  of  metal,  ringcra 
can  be  fabricated  of  plaatica  and  ceramica.  Tor 
thia  program.  It  waa  decided  to  build  and  teat  the 
ringer  ahown  in  Figure  t.  Z,  primarily  becauae  it 
waa  carter  and  farter  to  build,  aa  well  aa  lower 
riak  than  the  RING  horn  deacrlbcd  previoualy. 

The  experimental  reiulti  arc  deacrlbcd  in  the 
following  aection. 

S.  EXPERIMENTAL  RESULTS 

Aa  eUctronie  Interface  unit  (ElU)  war  con- 
atructed  to  teat  the  three  componenta.  Three 
Optical  Information  Syatema,  ZOmW  laaer  diodea 
were  incorporated  in  the  EfU  along  with  their 
aaaociated  aignal  circuitry  and  power  aucofiea. 
The  laaer  diodea  were  biaaed  at  ZO  mW  for  the 
RING  and  10 mW  for  the  TALK  aod  HEAR.  The 
optical  telephone  aide  tone  feedback  aignal  waa 
generated  electronically.  A  1000cm,  4  fiber 
optical  link  waa  uaed  for  intercoDoection  io 
teating  the  componenta. 

The  TALK  aignal  levcla  were  meaaured  aa 
a  function  of  input  frequency.  The  meaaurement 
breadboard  la  ahown  in  Figum  S.  I.  A  helium 
neon  laaer  waa  coupled  In  the  input  fiber  through 
a  20X  mleroacope  objective.  Aa  optical  power 
malar  waa  uaed  to  detect  the  light  variationa; 
tha  output  of  the  meter  wae  fed  to  an  oacilloacopc 
for  meaauremenL  Aa  audio  oacillator  provided 
the  aound  frequency  input  which  waa  normalized 
to  90dB  at  each  frequency.  Data  waa  taken  under 
three  conditional  the  cell  placed  flat  on  the 
bench,  placed  over  a  7  cubic  inch  volume,  aod 
finally  a  mechanical  voice  filter  (a  atandard 
talcphoaa  mouthpiecei  waa  placed  over  the  mem¬ 
brane.  The  meaaured  voltage  aa  a  function  of 
input  aound  frequency  ia  ahown  io  Figurea  S.  Z, 

S.  S,  and  S.  4  for  theae  three  caaea.  Theac 
experimenul  reaulta  are  of  the  aame  form  aa 
the  theoretical  prediction  ahown  in  Figure  Z.  1. 
The  reaponae,  obaerved  when  Uie  diaphragm  waa 
backed  by  a  reaaonable  volume,  haa  a  rcrita  of 
reaonaneca  with  the  primary  peak  at  about 
2375  Ha.  Teata  were  then  rua  in  which  different 
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Further  matiipulaUun  yields  the  tr4aefer  fuA«’tioa, 
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where:  figure  of  merit  for  the  gee;  air  *  1. 

C^.  diipcreion  function  for  a  aphere 
volume  approximation  of  the  cell. 

#  >  2nt  «  g  •  2  9 

•  •  t(k) 

Integration  of  l-2e*^  coa  g  *  e*^^  over 
'Zn  in  equation  }  (the  term  at  which  ariaea  from 
oaelllationa  due  to  reaonancea  of  travelling  wavea 
In  the  tube)  reaulta  in  an  average  or  a  amoothed 
rdapenae.  <  Hu>t 
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The  output  intenficy  ia  the  product  0/  Hw 
ertih  the  following  function,  Om. 
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if  he  re: 

Rq,  880  gm/aec  cm^,  a  conatant  to 
normaliac  H^. 

Y^,  apecific  heat  ratio  of  gaa. 

P  ,,  RMS  optical  power,  mW, 
opt 

P^,  atmoaphe  rlc  preaaure,  dynea/cm‘. 

1^,  2  X  10*^  dyoea/ern^. 

A  computer  predicted  plot  of  the  Karria 
Hear  mechanlam  retponae  compared  to  the 
K-N  photophone  appeara  in  Figure  3.4. 

4.  RING  FUNCTION 

Aa  in  the  caae  of  the  HEAR  function,  tlie 
technical  challenge  of  the  RING  implementatioo 
Ilea  in  the  need  to  obtain  a  noticeable  acouatic 
Output  from  the  telephone  aet  at  a  level  of 
approximately  73  dB  round  preaaure  level  (SPL) 
at  1  meter  with  only  an  optical  input  from  the 
fiber  link.  However,  the  RING  function,  unlike 
the  HEAR,  doea  not  convey  detailed  eommuni- 
cationa,  but  aervea  only  to  alert  the  telephone 
uaer  to  an  incoming  call.  There  arc  two 
poaaible  meana  for  producing  the  required 
Pound;  direct  cooveraion  of  the  optical  RING 
algnal  to  acouaticai  energy  aa  in  the  HEAR 
hiBCtioa  and  the  uae  of  the  optical  ring  aigoal  to 
trigger  the  reteaae  of  atored  mechaoical  energy 
Into  a  predetermined  acouatic  aignal,  loud  and 
Ooticeable  enough  to  attract  the  attention  of  the 
telephone  uaer.  Both  epproachec  were  iaveetf. 
gated. 


The  direct  eonveraioo  of  optical  to 
acouaticai  energy  can  be  obtained,  aa  in  the 
HEAR  function,  by  the  photo>acouatic  effect. 

The  problem  la  the  aame  aa  that  of  the  HEAR 
funct  on,  except  for  the  value  of  the  load  im* 
pedenee.  The  HEAR  couplet  into  a  fixed  volume 
lead,  whereat,  to  be  uaeable  in  a  manner  com* 
parable  to  exitting  tyatema,  the  RING  muat 
couple  into  free  apace.  Uaing  the  HEAR  com¬ 
puter  programa,  a  deaign  for  a  RING  horn  which 
optimlced  the  tound  output  tor  a  load  impedance 
•fa  maaalcaa  air  piaton  waa  derived,  is  thia 
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p«r(urmaf»cv  of  ihc  CtielmAnj  «nd  the  where: 
Kloirtni«n>N«l«<in^  ^fiprujches  indicatr/l  thAt 
latter  approach  had  a  lOdD  hi|*her  converaion 
efficiency.  Because  of  this  and  the  proven  ^ 

nature  of  the  Kleinman* Nelson  approach,  it  was 
decided  to  incorporate  this  technique  In  Uie 
Harris  design. 
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The  Hsrri*  HEAR  mechani.m  de.iKn  con* 

•  ieti  of  an  exponential  horn  ainnilar  to  that  of 
Kleinman-Nelson  approach.  The  Harris  design 
was  computer  optimised  and  resulted  in  a 
mechanism  with  10%  less  overall  length  and  an 
increase  of  approximately  }  dQ  in  output  over 
the  desired  bandwidth  as  compared  to  the 
KIcinman-Nelton  approach.  Air  was  chosen  as 
the  internal  gaseous  medium  for  ease  of  fabri¬ 
cation.  although  it  has  been  shown^  that  other 
internal  gases  can  increase  sensitivity.  How¬ 
ever.  this  requires  added  complexity  of  a 
diaphragm  for  gas  confinement. 

It  was  decided  to  fabricate  the  horn  by 
machining  a  two  piece  aluminum  mandril  on  a 
lathe,  electroplating  copper  on  the  outside  of  the 
mandril  and.  subsequently,  etching  the  aluminum 
in  a  hot  sulphuric  acid  bath.  The  resulting  form 
is  a  rigid  copper  horn  whose  inside  dimensionc 
are  the  same  as  the  outside  dimensions  of  the 
aluminum  mandril.  Inertance  tube  equalisers, 
photo-acouetie  cell  and  ear-piece  coupler  cao 
than  be  attached. 

Following  the  nomenclature  of  Klcinmao- 
Nelson  (K-N)j,  the  equivalent  circuit  of  the  photo- 
phone  is  shown  in  Figure  3.  3.  The  solution  of 
the  circuit  shown  reduces  to: 


*|.Z  -  — Iff  A...  .  ,  characteristic  impedance 

m  +  nr‘|_2 

of  a  losilesa  tube, 
m^  s  d  ^  jn.  lotsless  solutions, 
a  ^  (In  (r2/r|  M/I,  exponentisl  taper  constant. 
I.  length  of  horn,  cm. 

P^,  pressure  at  ear-piece  coupler,  dynea/cm^. 

Sq,  acoustic  impedance  of  ear  coupler, 
gm/aec  cm^. 

a^,  acoustic  impedance  of  source  volume, 
gm/sec  cm'. 

*5[^,  velocity  flow  of  photo-acoustic  source, 
ec/sec. 

Z|  2*  equaliser  impedances,  gm/sec  cm^. 

TVO,  thermo  viscous  dampiog,  gm/see  cm^, 

6,  density  of  medium,  gm/cc. 

c,  velocity  of  sound,  cm/ sec. 

r|^2«  lop'*!  And  output  radii  of  tha  horn,  cm. 

r^,  boundary  layer  radius,  cm. 

n,  complex  term  of  propagstioo  constant. 

k  ■  at/c,  rad/cm. 

{,  A<  frequency  dependent  functions  for  boun¬ 
dary  layar  approximation. 


}g(k)  ♦  h(it)  exp  (Jjnl  ♦  3  4  -  ‘ 
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wave*  incident  on  the  membrane  cause  it  to 
vibrate  reaultini;  in  changes  in  the  coupling 
efficiency  between  the  two  fibers.  The  amount 
of  coupling,  and  therefore  the  magnitude  of  the 
intensity  variations,  depends  on  the  amplitude 
of  the  diaphragm  vibrations. 

The  Talk  mechanism  model  is  a 
homogeneous  circular  membrane  driven  by  a 
Constant  pressure  across  the  surface  with  no 
damping  forces.  Solution  of  the  wave  equation 
of  this  system  for  the  amplitude  of  the  mem* 
brane  displacement,  y,  results  in: 


P  1 

f  Jofkri 

•  r  * 

kT  ' 

iiolka,  -  'J 

where: 

Jo(kr).  Bessel  function  of  order  aero. 

P,  drive  pressure,  dynes/cm^. 

T,  membrane  tensioo.  dynes/cm^ 
k  *  a  J  a/T.  rad/cm. 
a,  area  density,  gm/cm^. 
a,  cell  radius,  cm^. 

•  ,  frequency,  rad/sec. 

t,  the  radius  at  which  the  displacement  is 
measured,  cm 

This  equation  was  used  to  generate  plots  of  mem¬ 
brane  displacement  at  the  center  of  the  cell,  where 
the  fiber  ends  were  placed,  as  a  function  of 
frequency.  Since  the  fiber  ends,  one  fixed  and  one 
moving  with  the  membrane,  are  at  the  center,  the 
plots  represent  instantaneous  fiber  coupling 
and  thus,  light  amplitude.  A  typical  plot  is  shown 
in  Figure  Z.  I.  As  mentioned  previously,  in  order 
to  reproduce  ideally  the  individual  voice  charae* 
tcristies  of  the  user,  the  response  of  the  TALK 
mechanism  should  be  flat  across  the  voice  band 
from  300  to  3300  Ha.  One  way  to  accomplish  this 
is  to  set  the  membrane  parameters  such  that  the 
first  resonance  is  above  the  band  of  interest. 

The  other  option  it  to  generate  resonances  across 
the  frequency  band,  especially  at  the  high 
frequency  end  where  overtones  typically  give 


voices  their  individuality. 

> 

The  Harris  design  for  the  talk  mechanism 
ia  shown  in  Figure  i.Z  .  A  disk  of  I  2.  ?  micron 
thick  mylar  waa  strctchud  across  a  4  cm  ring  and 
fixed  at  the  edges.  The  input  fiber  was  attached 
to  the  mniinting  ring  and  tu  the  center  of  the  mem¬ 
brane  by  a  small  drop  of  crv.xy.  The  output  fiber 
was  mounted  intide  a  hypodermic  needle  cut  and 
polished  flat  at  both  ends.  The  SOum  core  input 
and  output  fibers  were  aligned  to  maximize  the 
coupling  efficiency  of  the  light  in  the  static  mode, 
and  Chen  the  needle  attached  to  the  ring  mount  by 
epoxy  Co  hold  the  fiber  stationary. 

J.  HEAR  FUNCTION 

The  pssaive  HEAR  mechanism  must 
convert  light  into  sound  with  a  bandwidth  of 
)00-3300  Hz  and  a  sound  pressure  level  at  the  ear 
of  at  least  81  dB.  Two  design  approaches  were 
considered.  In  the  first,  the  Edelmanj  approach 
shown  in  Figure  ).  I,  Che  optical  energy  is 
absorbed  ss  heat  in  optical  fibers  having  z  high 
Youngs  modulus,  low  specific  heat  and  a  large 
coefficient  of  thermal  expansion.  The  fibers 
expand  and  contract  under  tension  as  a  function 
of  the  modulated  optical  input  and  drive  a  dia¬ 
phragm  element  which  is  impedaneed  matched  for 
the  desired  voice  bandwidth.  Input  modulated 
light  is  thus  converted  into  sound  pressure  waves 
by  the  moving  diaphragm. 

The  second  approach,  the  Kleinman-Nelsoa2 
approach  shown  in  Figure  3.  2,  consists  of  s  small 
photo-acoustic  cell,  which  converts  the  light 
modulation  into  sound  waves,  and  an  acoustic 
impedance  matching  system.  The  last  impedaoee 
matching  clement  is  an  exponentially  tapered  horn 
which  couples  sound  to  the  ear.  The  photo- 
acoustic  intersetion  occurs  between  the  light  and 
a  small  quantity  of  suspended  carbonized  cotton. 

As  the  input  light  intensity  varies  with  the  HEAR 
signal,  Che  cotton  and  surrounding  gas  heat  aod 
cool  and  thus  expand  and  contract  producing  an 
acoustic  pressure  wave.  The  impedance 
matching  system  maximizes  the  acoustic  energy 
transmitted  to  the  car.  Calculations  made  of  the 


i 


m 


ALL  OPTICAL  TEL.EP1IONE  DEVELOPMENT 
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B.C,  Crodman,  S.  R.  Adhav,  L.  M.  Ralaton,  and  R.  K.  Moraa, 
Harris  Corporation,  N.  Feldman,  CECOM 


I.  INTRODUCTION 

The  optical  fiber,  as  a  medium  for  com- 
nranlcations,  has  been  successfully  replacing 
metallic  cable  trunks.  It  is  presently  serving  the 
communication  industry  in  both  high  capacity  and 
low  capacity  links.  Thus  far,  witn  few  exceptions, 
the  highest  volume  users  of  transmissions  lines, 
subscribers,  have  been  neglected. 

When  Mr.  Feldman  discussed  his  “All 
Optical  Telephone"  a<  ICC-81  in  Denver,  Colorado 
In  June  1981,  it  was  a  step  toward  correcting  this 
oeglect.  He  described  an  instrument  served  by 
optical  fibers,  simple,  and  inexpensive,  requiring 
■o  electrical  power.  His  conceptual  system  con¬ 
tained  six  components,  two  of  which,  earphone  and 
ringer,  seemed  to  present  some  measure  of 
barrier  to  successful  implementation.  A  govern¬ 
ment  contract  was  awarded  to  Harris  Corporation. 
Melbourne,  Florida,  in  November  1981.  to  demon¬ 
strate  the  feasibility  of  the  concept.  The  barrier 
Items  would  get  special  attention  io  the  execution 
•  f  this  contract. 

In  this  paper,  we  wiUd  escribe  the  work 
pursued  and  accomplished  by  Harris.  Three  of  the 
six  components,  hear  (earphone),  talk,  and  ring, 
will  be  addressed.  The  expended  effort  has  con¬ 
sisted  of  a  judicious  mix  of  computer  modeling, 
brainstorming,  engineering,  and  model  shop  work. 
Our  efforts  will  be  described,  our  results  docii- 
monted.  and  our  designs  discussed. 

It  should  be  noted  that  one  barrier  com¬ 
ponent,  the  optical  to  sound  converter,  was 
addressed  100  years  ago  by  Alexander  Graham 
Bell.  Though  several  experimenters  have  worked 
on  it  since,  we  believe  that  this  is  the  first  work 
dlrectsd  at  its  use  in  a  complete  telephone  instru- 
mcnL  What  is  reported  here  is  a  first  cut  effort 


to  demonstrate  feasibility.  We  realise  these 
efforts  are  primitive,  but,  fully  expect  that^the 
refinement  process  and  optimisation  will  follow 
rapidly. 

2.  TALK  FUNCTION 

The  function  of  the  TALK  mechanism  is  to 
convert  spoken  words  into  modulated  light.  This 
light  is  coupled  by  optical  fiber  to  an  electronic 
switchboard  and  then  reconverted  into  sound  at  a 
HEAR  mechanism.  The  frecuency  response  of 
the  Talk  mechanism  must  be  reasonably  flat 
over  the  voice  band,  300  to  3300  He,  and  typical 
voice  levels  must  generate  sufficient  optical 
modulation  to  be  detected  and  reconverted  to 
sound  with  a  sufficient  signal  to  noise  ratio,  as 
in  a  conventional  telephone  set. 

Two  basic  modulation  methods,  phase 
modulation  and  amplitude  modulation,  were 
coosidered  for  Lhe  talk  mechanism.  Phase 
modulation  of  light  by  pressure  waves  recently 
has  been  explored  and  optimieed  using  optical 
fibers  fo r  underwater  sensor  applications.  The 
major  disadvantage  of  this  r'lehSod  is  that  com¬ 
plicated  interferometric  techniques  are  usually 
required  to  demodulate  the  phase  encoded  in¬ 
formation.  It  was  decided,  therefore,  because  of 
their  easier  implementation,  to  concentrate  on 
amplitude  modulation  techniques.  There  are 
numerous  passive  amplitude  modulation  tech¬ 
niques,  including  sound  dependent  fiber  mis- 
aligomiot,  frustrated  total  internal  reflection, 
mierobending  '.osi  modulation,  etc.  The  approach 
eeleeted  by  Harris  for  Use  TALK  functioo  was  use 
first  represented  as  lost  modulation  by  variable 
optical  coupling  between  bwo  end-to-er.d  csaxia'.ly 
aligned  fibers.  In  thiS' technique,  one  of  the  fibers 
is  fixed  io  position,  while  the  other  it  attached  to 
the  center  of  a  thin  membrane  diaphragm.  Souad 
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:  0  lUTRCDUCTIGN  AMD  MANAGEMENT  SUMMARY 

This  Fln^l  Technical  Report  for  the  O p t o  -  A c ou s t  i  c  Telephone 
Scud'/  details  work  performed  ty  the  Optical  Systems  Deoartment  of 
Harris  Corporation,  GC3D  .  under  contract  Mo.  DA ABO  7  -  3 2 - C - JO  1  1  for 
U.  3.  Army  CECOM,  Ft.  Monmouth,  New  Jersey.  The  objective  of  the 
study  was  to  determine  the  technical  feasibility  of  developing 
and  producing  a  telephone  subset  for  voice,  in  which  all 
conversions  at  and  within  the  subset  are  directly  between  optic 
and  acoustic  energy.  An  additional  objective  was  that  the  subset 
contain  no  electronic  or  electrical  interface  circuits.  The 
scope  included  demonstration  of  the  feasibility  of  three 
telephone  set  functions;  Hear,  Talk  and  Ring.  Harris  has  met 
these  objectives. 

Key  program  tasks  were: 

1.  Conduct  a  complete  literature  survey  of  applicable 
tec  hn o 1 o  gy . 

2.  Perform  engineering  feasibility  tradeoff  and  systems 
analyses  for  possible  Talk,  Hear  and  Ring  concepts. 

3.  Design,  breadboard  and  fabricate  an  experimental 
feasibility  system  with  full  duplex  capability. 

4.  Test,  optimize  and  characterize  the  resultant  system. 

5.  Demonstrate  the  experimental  breadboard  system  at  CECOM. 

6.  Deliver  final  Engineering  Report,  including 
recommendations  for  future  work. 


D«liveribl«  items  included: 


1.  Eight  monthly  technical  and  financial  progress  reports  and 
one  engineering  final  report, 

2.  Residual  breadboard  components  purchased  on  the  program. 


Fo  1 

lowing  an 

intensive  li 

terature  survey 

And 

p  e  r  f  0  r man  c  e 

ana  lysis 

tradeof  f  , 

a  conceptual 

imp  1 emen  t  a  t i on 

WAS 

c  ho  s  en  for 

each  of 

the  Hear, 

Ta Ik  and  Ring 

functions.  Th i s 

WA  S 

foil  owe d  by 

analytical  modeling  which  culminated  in  computer  programs  written 
to  predict  the  theoretical  performance  of  the  experimental 
breadboard  hardware.  The  devices  were  designed  and  fabricated 
and  an  Electronic  Interface  Unit  <EIU>  was  built  for  evaluating 
the  devices  together  with  a  full  duplex  fiber  optic  voice  link. 
The  link  and  Electronic  Interface  Unit  were  designed  and  built 
specifically  to  interconnect  a  standard  electrical  telephone  set 
With  its  all-optical  counterpart. 

A  link  distance  of  one  hundred  feet  was  chosen  for 
convenience  and  to  demonstrate  the  concept.  The  breadboard 
components  developed  are  shown  in  Figure  1.1.  Table  11 
summarizes  their  measured  performance  and  capabilities.  and 
compares  them  with  a  standard  electrical  telephone  set. 

The  breadboard  system  provided  adequate  voice  communication 
over  the  test  link  with  the  standard  electrical  telephone  set. 
As  shown  in  Table  1.1,  however,  the  Hear  and  Talk  performances 
were  lower  than  those  of  a  standard  telephone  set.  Analysis 


Table  1.1.  COMPARISON  BETWEEEN  HARRIS  BREADBOARD  OPTICAL 
TELEPHONE  SET  AND  STANDARD  TELEPHONE  SET 


PARAMETER 

HARRIS  BREADBOARD 

OPTICAL  TELEPHONE  SET 

STANDARD 

TELEPHONE  SET 

Tr  ansducer 
types 

Acoust ic/Opt  ical 

Conver  s i ons 

Acoust ic /elect  r ical 

c  onver  s i ons 

Re qu i r  e d 
electrical 
power  at 
tel ephone  set 

None  required , 
completely  passive 

Requires  electrical 
power  for  all 
f  unc  t i ons 

Construction 

Ma  t  er  i  a  1  s 

Although  breadboard 
contains  some  metal 
parts,  plastics  and 
ceramics  can  easily 
be  substituted. 

Requires  me  t  a  1 
parts  particularly 
since  electrical 

conductors  are 

needed  . 

Compa  tibility 
with  Optical 
Links 

Can  connect  directly 
with  fiber  optic  links, 
no  int  er  f  ace  unit 
required. 

Requires  optoelec¬ 
tronic  interface 
for  fiberoptic 

useage 

Hea  Response 

Measured  300-1500  Hz 
with  75  dB  output. 

Ou  tput  level  and 
frequency  response 
sufficient  for 
understandabi 1 i ty . 
Requires  optimization. 

Measured  300-3300HZ 
with  81  dB  output. 
Exceeds 

requirements  for 

average  user. 

Ta 1 k  Response 

Measured  300-2000  Hz, 
sufficient  modulation 
for  acceptable  signal 
to  noise  ratio, 
requires  optimization 
for  batter  quality 

Measured  300-3300HZ 

with  sufficient 

modu 1  a  t i on  for 
acceptable  signal 
to  noise  ratio. 

Good  quality. 

Ring  Response 

Measured  80  dB  output 
at  1  meter  distance 
with  mechanical 
ring/horn  Implementation 

feasible 

Measur  ed  75  dB  at 

1  me  ter  distance. 
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•how*  th*t  p»tform*nc«  l*v*ls  comparable  to  a  standard  set  are 
achievable  with  further  device  optimization.  This  optimization 
was  not  possible  on  the  current  study  but  could  be  accomplished 
on  future  development  efforts.  The  work  done  by  Harris 
demonstrates  feasibility  of  the  all-optical  telephone  and 
provides  a  baseline  for  future  work.  A  conceptual  drawing  of  a 
complete  all-optical  telephone  set  is  shown  in  Figure  1.2. 

The  remainder  of  this  report  is  organized  in  the  following 
manner.  Section  2,  Design  Analysis,  discusses  basic  theory 
behind  the  design  of  each  of  the  various  telephone  mechanisms, 
technical  tradeoffs  involved  between  different  concepts, 
t h e o r e t i c a  1 / c omp u t e r  analyses  of  each  function,  and  Electronic 
Interface  Unit  (EIU)  and  system  design.  Experimental  results  are 
presented  in  Section  3.0.  Section  4.0  includes  conclusions  and 
recommendations.  Appendices  A  through  E  detail  the  results  of 
the  literature  survey,  and  contain  the  electronic  interface  unit 
schematics,  computer  programs,  and  pertinent  papers. 


FOLDED  EXPONENTIAL  HEAR  HORN 


Figure  1.2  Engineering  concept  of  the  optical  telephone  of  the 

future.  Cutaway  view  shows  all  plastic-ceramic  construction 
with  no  metal  parts.  Improvements  incluoe  dichroic 
coupler  and  hook  switch  utilizing  two  trunk  fibers  and  a 
completely  passive  Ring  -  feasible  with  present  day 
technology. 
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SECTION  II 
DESIGN  ANALYSIS 


in  t  ri  i  s  section  we  d  i  s  c  t;  s  s  the  c  om  c  o  n  e  n  t  and  =  y  s  t  em  d  s  s  i  c  n 
tradeoits  and  analyses. 

2.1  BASELINE  APPROACH 

During  the  design  phase  of  this  study,  a  literature  survey 
was  conducted  and  engineering  tradeoffs  made  to  select,  ter  each 
functional  element  to  be  demonstrated.  the  approach  with  the 
highest  likelihood  of  success.  The  results  of  the  literature 

search  are  listed  in  Appendix  A. 

Talk  Function  -  The  Talk  function  was  the  most  straight 
forward  to  implement.  since  there  are  a  number  of  potential 

methods  for  modulating  light  in  a  fiber  link.  As  discussed  in 

the  introduction,  a  prime  design  consideration  was  that  the 
sy  s  t  em  be  passive,  <i.e.,  contain  no  electronics)  Two 

fundamental  alternatives,  phase  modulation  and  amplitude 
modulation,  were  considered.  Phase  modulation  has  greater 
sensitivity,  but  is  more  complex,  since  it  involves  an 

interferometric  fiber  c on f i gu r j i  i  on  .  Amplitude  modulation, 

although  less  sensitive,  is  sufficient  and  easily  implemented  in 
several  ways.  Some  of  these  are  outlined  below: 

1)  Microbending  loss  modulation  -  light  rays  are  directed 
by  microbending  of  the  fiber  from  the  core  to  the 
lossier  cladding  where  they  are  attenuated. 

2)  Fustrated  Internal  Reflection  (FIR)  -  transmission  loss 


IS  nodulated  by  varying  the  evanescent  field  coupling 
across  a  gap  with  a  pressure  wave. 

3)  Fiber  coupling  modulation  -  modulation  is  achieved  by 
varying  the  lateral,  longitudinal  or  angular  alignment 
of  the  fiber  link.  Optical  elements,  such  as  lenses, 
graded  neutral  density  filters  or  gratings  may  be  used 
to  enhance  sensitivity,  linearity  or  other  performance 
par  ame  t  e  r  s . 

The  following  table  summarizes  the  various  Talk  function 
amplitude  modulation  schemes. 


TABLE  2.1  TALK  FUNCTION  TRADEOFFS 


MODULATION  TYPE 

SENSITIVITY 

COMPLEXITY 

TECHNICAL  RISK 

Microbending  loss 

1  ow 

modcr  ate 

moderate 

Fiber  Coup  1 ing 

1 ow/med ium 

1  ow 

1  ow 

Frustrated  Internal 

Ref lect ion 

high 

me  d i um /high 

me  d i um /high 

Fiber  coupling  loss  modulation  was  chosen  as  the  baseline 
approach  because  it  has  lower  risk  and,  within  the  scope  and 
effort  allowed  on  this  program,  it  represented  the  surest  way  to 
demonstrate  feasibility.  To  further  reduce  complexity  and 
increase  reliability,  a  diaphragm  coupled  fiber  sensor  was 
selected  for  implementation  with  no  additional  optical  elements 
Sensitivity  is  determined  by  parametric  characteristics  of  the 
diaphragm,  such  as  tension,  density  and  diameter,  and  by  fiber 
diameter,  numerical  aperture  and  fiber  gap. 
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He^r  Function  -  The  literature  survey  and  the  initial 
invest  ication  identified  two  probable  alternatives  for  the  Hear 
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s  modulus,  high  coe 
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t  h 

e  rma  1 

expansion  and  low  specific  heat.  This  enables  modulated  light  to 
be  absorbed  in  the  fibers  and  converted  to  heat,  causing  the 
f i b e r - d 1  a p h r a gm  structure  to  expand  and  contract  at  audio 
frequencies  Figure  2.1  shows  a  representative  implementation  of 
this  approach. 

The  second  method,  shown  in  Figure  2.2,  first  presented  by 

2 

Kleinman  and  Nelson  of  Bell  Labs  ,  utilizes  a  small  optically 

absorptive  chamber  filled  with  carbonized  fiber  in  which  sound  is 

generated  by  the  local  gas/fiber  expansion  and  contraction. 

Sound  is  coupled  from  the  small  absorptive  chamber  to  the  ear  by 

an  exponentially  tapered  horn  acting  as  an  impedance  matching 

transformer.  Harris  selected  the  K 1 e i nman -Ne 1 s on  approach, 

3 

because  it  is  theoretically  and  experimentally  more  developed 

Ring  Function  -  For  the  Ring  function  two  approaches  were 
considered  -The  first  involves  coupling  of  a  small  absorptive 
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matched  horn  to 

produce  the 

required  s  ..nd 

output 

0  f 

75  dE  at  a 

1  meter  distance. 

The  second  approach  involves  the  release  oi  stored 
mechanical  energy  fay  a  optically  triggered  bimetallic  latch  which 
then  couples  the  mechanical  energy  to  a  sound  producing  device. 


Th  e  energy 

storage  can  be 

effected  by 

depress! ng  the 

swi t  c  h 

hook 

to  c  cmp  r  e  s  s 

a  spring, 
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e  i  I  . 

blow  air  by 

a  bell ows 

to  V  i 

brate  a  reed 

,  etc. 

The  latter  ring  approach  was  chosen  because  the  required 
design  and  fabrication  effort  was  better  accommodated  within  the 
program  cost  and  schedule  constraints.  The  resonant  horn 
approach  however,  was  analyzed  and  designed  for  future  evaluation 
and  possible  implementation. 


System  Configuration  -  The  overall  system  configuration 


wa  s 

chosen 
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elect 

r  on  i  c  s 

The 

Electronic 

I  n  t 

e  r  f  a  c  e 

Unit 

(EIU)  , 

wh ich  serves 

the  function  of  the  switchboard,  generated  an  audio  sidetone  from 
the  photodiode  and  directed  the  signal  to  the  Hear  mechanism  via 
the  optical  link.  The  EIU  also  incorporated  circuitry  for  laser 
diode  protectron  against  electrical  power  transients.  Infection 
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CV  out  out  cower  ILD's  were  used. 


2.2  TALK  DESIGM 

The  approach  chosen  by  Harris  for  the  Talk  mechanism  was 
loss  modulation  by  variable  optical  coupling  between  two 
end-to-end  axially  aligned  fibers.  In  this  technique.  one  fiber 
is  attached  to  the  center  of  a  thin,  taut  diaphragm  while  an¬ 
other  fiber  is  mechanically  fixed.  Sound  waves  striking  .  the 
diaphragm  cause  it  to  vibrate,  changing  the  optical  coupling 
between  the  two  fiber  ends.  The  degree  of  coupling,  hence  the 
light  intensity  variations,  is  a  function  of  acoustic  pressure 
var lat ions  . 

Free  Membrane  -  For  a  thin  stretched  membrane  the  equation 
of  motion  without  driving  forces  is; 


<  2  .  1  ) 


2  2  2 

=  C  V  where: 

dt^  ^ 

c  *  .  /  T  •  is  the  velocity  of  wave  propagation 

'  (T  in  the  membrane,  cm/s 

2 

T  =  tension,  dynes/cm 


<T  s  area  density,  grams/cm 
Vp  =  +  j — ^  +  _! _ 


r  dr 


r^  de‘ 


^2  Laplacian  operator  in  polar  coordinates. 

r’ 

The  circularly  symmetric  solutions  for  a  membrane  rigidly 


mmmm 

ms 

1 

Jfl? 


constrained  at  its  diameter  are  of  the  aeneral  form 


(2.2) 


y  =  A J  ( k  r  )  ,  wh  ere: 
o 


A  s  amplitude  determined  by  initial  conditions 


J  s  Bessel  function  of  the  first  kind  and  zero  order 
o 


w  =  frequency,  radians/sec 


k  =  w/c,  propogation  constant,  rad/cm 


r,  radial  coordinate,  cm. 


At  the  radius  of  the  membrane  lat  rsa),  the  deflection  is 


zero,  therefore  only  those  discrete  k  values  offer  solutions  for 


which  ka  is  a  null  of  the  Bessel  function 


Forced  Vibrations 


For  a  membrane  driven  by  a 


sinusoidally  varying  pressure.  Be''  ,  the  particular  part  of  the 


equation  must  be  included,  namely: 
(2.3)  -2^1.  =  V^y  +  e 

A  .1.  P  '  O 


If  we  assume  the  steady  state  solution  of  the  form 


(2.4) 


y  »  Ye 


(2.5) 


?  2  -P 

v‘ Y  ♦  rt  = 

-p 


The  solution  then  becomes  the  sum  of  the  general  and  the 


particular  solutions: 


(2.6) 


Y  -  AJ  (fcr)-P/<fcT) 
o 


Applying  the  boundary  condition  that  YsO  when  rsa  gives: 


(2,7) 


A  s  P/ (k*TJ  (ka) ) 
0 


Th«  amplitude  of  th«  vibrations.  Y,  bacomas: 


- »  Y  =  - .) 

v;-'.  :  1  a  t  h  a  t  :  :n  a  v  a  r  y  i  n  5  solution  is 
'  2  .  9  >  y  =  \  a 

Th  a  frequsncy  rasponse  of  the  fiber  microphone  was  evaiutad 
using  a  Bessel  function  approximation  algorithm  to  solve  the 
problem  of  a  diaphragm  driven  by  pressure  waves.  The  amplitude 
at  the  center  <r=o)  was  calculated  by  a  computer  program  listed 
in  Appendix  E  using  Equation  2.8.  To  generate  a  bro.  rand 
response  from  300  to  3300  Hs.  two  alternatives  were  inve:  : gated. 

In  one,  the  fundamental  resonance  of  the  diapr  igm  was  increased 

to  above  3000  Hs;  this  resulted  in  red u red  sensitivity.  in  the 
other  technique,  selected  for  our  breadboard,  a  number  of  inband 

resonances  were  allowed  for  an  overall  high  average  response 

across  the  bandwidth  as  shown  in  the  computed  response  in  Figure 
2.3. 


c 


Coupling  Loss  Modulation  -  Critical  alignment  was 
necessary  to  achieve  optimum  coupling  loss  and  optical  bias  for 
AM  modulation.  Proper  optical  biasing  occurs  when  the  modulation 
response  is  maximized  by  the  appropriate  vertical  offset,  while 
low  distortion  is  maintained.  A  large  vertical  offset  will 
induce  too  much  loss,  while  insufficient  offset  will  cause 
distortion  in  the  mechanical  to  optical  modulation  transfer 


function.  Figure  2.4,  a  curve  of  the  coupling  efficiency  vs. 
fiber  displacement,  illustrates  this  tradeoff.  In  this  idealized 
model,  uniform  light  distribution  is  assumed  inside  the  SO 
mi c r ome t e r d i ame t e r  of  the  fiber.  The  curve  shows  a  sharp  break 
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Cell  Diameter  4  cm 
Membrane  Density  0.2  gm/cc- 
Membrane  Thickness  12.7  m 
Tension  550,000  dyne/cm 


0.04- 

0.0 


1.0  2.0  3.0 

Frequency  (KHz) 

Figure  2.3  Computed  response  of  the  Talk  mechanism 
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Figure  2.4 


FIBER  MOTION 

Fiber  coupling  efficiency  versus  fiber 
placement  for  the  Talk  mechanism. 


w*  1  1 


as  maximum  slope  near  the  center. 


Optimum  bias,  therefore 


i 


I 


IS  as  close  to  the  centered  position  as  possible  without  causing 
the  signal  to  cross  the  slope  discontinuity  at  zero,  and  thus 
creating  undesirable  distortions  A  possible  operating  point  is 
shown  at  10  microns  offset,  with  a  10  micron  peak  to  peak  fiber 
oscillation  resulting  in  a  coupling  efficiency  modulation  from  62 
to  87^. 


Offsets  in  the  lateral  and  horizontal  directions  were 
optimised  carefully  Small  shifts  due  to  epoxy  or  diaphragm 
aging  made  an  occasional  readjustment  necessary.  Initial  tests 
were  performed  with  a  100  micron  diameter  fiber.  but  enhanced 
sensitivity  was  achieved  by  reducing  the  Talk  sensor  fiber  core 
diameter  to  SO  microns. 


HEAR  DESIGN 


.  .  j 

Th  e  Hear  Design  is  a  raf  in  ament  of  the  ghotoicousti: 
technique  first  conceived  by  Alexander  Graham  Sell  in  il;:  . 
Practical  theoretical  deveio  omen  t  of  the  technique,  h  owe  v  e  r  ,  wa  s 
done  nearly  100  years  later  by  Kleinman  and  Nelson  of  Sell  Labs 
in  1977.  Their  concept  was  further  optimized  in  the  Harris 
design  and  their  predicted  response  will  be  compared  vnth  the 
Harris  Hear  Design. 

The  photoacoustic  affect  originates  when  light  interacts 

with  matter  in  an  acoustically  active  medium.  Light  illuminating 


a  material 

is  a  b  3 

orbed 

to  s  ome  degree 

and  raises 

the 

t  emp  e  r  a  t  u  r  e 

of  the  substance 

t  o 
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level  wh i c  h 

depends  on 

i  t  s 

a  b  s  0  r  p  t 

1  on 

coeff ictent 

.  and  the 

thermal  conduction 

,  convect ion 

and 

r  a  d  1  a  t 

i  on 

processes 

present 

I  n 

our  case,  the 

absorber  wa  s  a 

ma  t  r  i  X 

0  f 

car  boni z ed 

cot  ton 

f  i  b  e  r  s 

suspended  in 

air  Th i s 

c  omb i n a  t 1  on 

may 

be  regarded  as  a  "pseudo  gas."  To  model  the  photo  acoustic 
effect  in  the  pseudogas,  several  essential  simplifying 
assumptions  were  made: 

1)  Under  optical  powers  of  4  to  5  milliwatts,  the  average 
temperatures  the  gas  and  the  solid  absorber  are 

equivalent 

2  '!  Gas  absorption  and  desorption  processes  have  higher  time 
constants  compared  to  the  highest  frequency  of  interest. 

3)  The  solid  absorber  and  gas  vibrate  in  phase. 

The  cotton  absorber  is  housed  in  a  cell  whose  dimensions  are 


sms.  I  I 


compared  to  the  smallest  acoustic 


wavelencth  o:  interest 


s  c* 


that  the  acoustic  pressure  is  constant  throughout  the  volume 

-  3 

'.approximately  10  cc.’.  The  sound  output  of  the  cell  is  coupled 

to  the  small  end  of  a  long  tapered  acoustic  tube.  The  output  o: 
the  tube  is  then  connected  to  the  chamber  formed  by  the  human  ear 
and  the  telephone  earpiece.  The  tube  converts  sound  from  a  hioh 
pressure,  low  flow  condition  to  a  low  pressure.  high  flow 

condition.  The  tube,  therefore,  acts  as  an  acoustic  impedance 
transformer  converting  the  high  impedance  of  the  small  absorber 
volume  to  the  low  impedance  of  the  larger  ear  volume.  The 

K  I  e  i  nman -Me  1  s  o  n  schematic  representation  is  shown  in  i'igire  2.5. 

Inertance  equalisers  are  necessary  to  resonate  with  the 

capacitive  nature  of  the  vol  ume  s  for  a  br;;.--.  nd  response 


The  following  variables  are  used  in  the  design  equations 
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P 
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C 
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2  ,  C 
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c 
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4(  k  ) 


Sound  Flow  Source,  cc/sec  ^ 

Sound  Pressure  in  the  ear,  dynes/cm 
Acousti^  impedance,  see  equations  2  25  and  2  32 

gm / cm  sec 

Acousti^  impedance  of  equalizers,  see  equation  2.33 
gm / cm  sec 

Transfer  matrix  or  temperature 
Intensity,  V/ cm 

4 

Normalizing  constant  for  H  880  gm/sec  cm 
Utilization  factor  for  light  absorption 
Figure  of  merit  for  gas;  air  >  1.  xenon  =  2 

Dispersion  function  of  cell 
Optical  power  input,  ergs/sec 
Length  of  horn,  cm 

4 

Equalizer  inertance,  gm/cm 

Input  radius  of  horn,  cm 

Output  radius  of  horn,  cm 

Horn  flare  conetant 

Dene i t  y  ,  gm/ c  c 

Velocity  of  sound,  cm/sec 

Complex  propagation  constant 

Angular  frequency,  rad/sec 

Wave,  propagation  constant,  w/c,  rad/cm 

Frequency  dependent  solutions.  See  Equation  2  30 
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Frequency  dependent  solutions.  See  Equation  2.31 
Phase  Term.  See  Equation  239 
Phase  of  h':k)/g<k> 

Specific  heat  ratio 
Vo  I ume .  c  c 
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port  network  may 

be  written 
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coupling  matr 
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Th  e  solution  of  the  circuit  is 


C  2  .  1  3  i 


Pe 


ir—  =  ^21 


+  +  ^22  +  ^12 


zc  Z£  ZcZe 

Using  the  equalizer  matrices  of  the  form 


■  [! ;] 


Th  e  solution  of  the  circuit  reduces  to 
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The  intensi ty , 
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(2.16) 

I  =  (R  Zc 

Z ( 7- 1  ) 
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<  2  .  17) 


\  - 


TH  • 
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the  acoustic  properties  of  the  absorbing 
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Figure 

2.6  shows 
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variation  in  the 
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components  of 
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frequency  ihe  conical  flare  has  the  lowest  distortion  w  ;  the 
lowest  cutoff  slope  indicating  insufficient  band  limi,  no.  The 
hyperbolic  horn  has  the  fastest  slope  for  the  cest  slope  cutoff 
but  the  highest  distortion  due  to  nonline  rities  when  the  air  is 
moving  in  the  region  of  lowest  fl  'e  growth.  For  these  reasons, 
an  exponential  taper  is  us-d  widely  in  niusical  instruments  and 
was  used  in  the  Harrir  optical  telephone  Hear  meohanisni  as  the 
impedance  matching  transformer. 


Utilizing  the  exponential  horn  solution  which  assumes  the 
boundary  layer  approximation  for  sound  propagation  (equivalent 
tube  radius  for  a  lossless  tube;,  and  neglects  t.hermoviscous 
damping  except  in  the  exponents,  results  in 
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Figure  2.6  Comparison  of  resistive  and  reactive 

components  for  conical,  exponential  and 
hyperbolic  horns  of  the  same  cut  off 
frequency. 
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exp  }(-ro  /ri  )  g 


(g(k)  +  h(k)  exp  (2jnL+  j  A  '  A) 


whe  r  « 

(  2  22  ) 

(2.23) 

an  d 


(2.28) 

(2.29) 

(2.30) 

(2.31) 


|PfL 
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tfxp  h-rp  /n  )  g 


|g(k)ni+(h(k)/g(k))exp(2jnL+jA-^l 


g((c)=  L  Zl_  +  il_)  /£2_  .  Zl, 

\  ^cj 


h(k)=  (1+  ^  |i+ 


^E 


(  2 

.  24  ) 

g  (  k  ) 

=  -h  (  fc  )  * 

(2.25) 

^1,2 

-  .  j  (ju  6 

m  + TTr^l^2 

(  2  . 

26  ) 

m  i 

=  a  +  jn 

(2.27) 

n  = 

a  =  ln(r2/r2)/L 

*"0  "  2  y  C)l/2^ y'  Kirchhoff  constant  for  air,  0.565  cm/sec^^^ 

/znk^  -otk^  -  Zga  (an  -  -  2n2) 


^(k) 


^(k)  = 
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a (k^  +  3n2) 


n 


I  8n2 

’k2  -a^q 

_  k^  3n^  . 

Th»  iinpttdances 


'£  and  are  given  as; 


<2.32)  Z£  = 


jy^L 

wVe 
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AlL: 

wV/- 


The  ideal  equalization  inertances  have  an  impedance  of 


(2.33)  2j._;jwLj 


Zj-iwL^ 
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where  ^  ih^  inertinces  of  a  lossless  tube 


radius,  a,  of 


2.34)  2  - 


5  L  +  JJ_ 
7ra2  4a 


where  the  second  term  describes  end  effects 


The  dispersion  function,  .  gives  the  frequency  dependence 

due  to  thermal  conduction  in  the  pseudooas.  G  is  a  function  that 

w 

depends  on  the  size  and  shape  of  the  volume, 

>  Gw  =  1  -  3  L^'coth.A-lj 


wh  ere 

<2.36)  (l.j)  /l5  WT  \  1/2 


(2.37) 


y  a^ 

15  V 


where  T is  the  thermal  relaxation  time  for  a  sphere  of 
volume  and  radius  a. 

Hxistance  of  g(Ic)  gives  rise  to  oscillations  due  to 
resonances  of  waves  travelling  back  and  forth  in  the  horn.  Since 
the  only  damping  in  the  horn  model  is  the  t he rmo v i sc ous  damping 
in  the  tube,  it  follows  that  the  reflection  coefficient, 
h(k>/g(k),  must  have  a  magnitude  of  unity  and  that  the 
oscillations  must  have  the  maximum  possible  peak  to  peak 


variations.  The  following  term  describes  the  oscillations  in  Hw , 
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1  +  exp  (2  jnL  +  j^-A) 

g(k) 


=  (1  -  2e 


i  +  e  ) 


(229;  $  =  2nl  +  -  2 


(  2  .  4  0  j  Cp  =  h 


Now  the  frsaufe.'.  :y  response.  H  ,  can  be  *.<{  pressed  as. 


Hou.  =  G_ 


1.29X10'^(^„  ®fPi(-Vri)§}  IGouI 


|g(k)| 


2  (l-2e~^cos  +e~2^) 


wh  ere  the  factor  (.6  c  /  6  c  :=  a  convenient  terr 


a  use  a  wr.  en 


two  different  oases  are  in  the  horn 


Averaging  the  term  1  -2e* ^  cos  $  + 


over  2.fr  as  follows 


results  in  the  "smoothed"  or  average  frequency  response. 


<242 


’  —  P 

2rr  I 

•  n 


(1-2ei:os  ^  +  e  )  d  i  =  (1  -  e'^)  ^ 


The  outcome  is  the  smoothed  response. > 

w 


<2,43) 


<  Hu)> 


/9.  1  X  lO”"^  cm'^\  ,  £ 

J  ' 


[c.J 


1  2 


|g(k)|  2  |l  .  e- 


.4  BASIC  computer  program  was  ..ritten  to  calculate  and  plot 


these  functions.  Full  docun.-.'. :  ation  is  given  in  Appendix  C.  ihe 


plot  of  <H  >,  d  :  i  i  not  show  the  p  e  a  Jc  -  t  o  -  p  e  a  k  variations  in  the 
w 


respor.  but  it  significantly  reduces  the  computation  time.  Air 


was  osen  as  the  gas  medium  in  the  horn  although  other  gases 


potentially  have  better  output  response  efficiency.  Gases  other 


than  air.  however,  require  a  more  complicated  horn  design 


incorporating-  a  diaphragm  to  prevent  their  leakage  to  the 


itmos  pha  r  e  . 


Their  use.  therefore  would  reduce  the  simplicity  and 


reliabil 

1  t  y  of 

the  h 

orn,  althoug 

h 

p  0 

s  s 

1  b  1 

y  w  c  u 

id  1 

n  c  r  e  a  s  e 

the 

output 

level  . 

Horn 

design  was 

o  p  t  1 

m  i 

zed 

with 

the 

c  C’ m  p  u  t  e  r 

by 

varying 

t  he  horn 

par 

ametr ical ly 

t  0 

o  b 

t  a 

i  n 

the  re 

A  a  t  I 

V  e  r  e  3  p  o  n 

5  es 

shown  in 

Figure 

2  .  7 

C omp  a  r  a  t i V  e 

d  q  u  a. 

1  i 

zed 

horn 

par 

ame  t  e  r  s 

are 

shown  in  Table  2.2 


Utilizing  another  gas  such  as  xenon  could  theoretically  give 
10  dB  improvement  mainly  due  to  an  increased  figure  of  merit.  Gm. 


for  the  absorbing  medium  and  enhanced  acoustic  coupling  of  the 
sound  wave  at  the  gas-air  interface.  The  figure  of  merit,  Gm  may 


be  written  as. 


where  the  partial  derivative  is  unity  for  an  ideal  gas  and  Y  is 

the  specific  heat  ratio  for  the  oas  and  Y  is  that  of  air.  A 

■  o 

di^ph^ag7n  is  required  for  oas  confinement.  The  term 

in  equation  2.41  further  enhances  H  by  effectina  a  better 

acoustic  match  when  using  a  gas  such  as  xenon  with  a  higher 


acoustic  impedance,  4c.  to  that  compared  to  air,  c,  The 
comparison  between  the  computed  xenon  horn  response  and  air  horn 


response  is  shown  in  Figure  2.8. 


Log  Frequency  (Hz) 

Figure  2.7  Comparison  of  computer  generated  plots  showing  the 
average  response  of  the  Kleinman-Nelson  Photophone 
and  average  and  peak  responses  of  the  Harris  Hear 
horn  with  parameters  shown  in  Table  2.2. 


ABLE  2  ,  2 


COMPARITIVE  HORN  PARAMETERS 


Harris  Dasian  K 1 e i nman -Ne 1 s o n  K 1 e i nman -Ha ; s cn 


Air  Horn 


gas  density  <ga/cc)  1  23x10 


c  ( cm /sec) 


L  <  ca ) 


3  .<1x10 


r .  ( cm ) 


r  2  <  cm ) 


<cc) 


V  ^  <  c  c  ) 

Predicted  Sound 


Pressure  Level 


with  2  .  8mW  <  d  B ) 


B  an  dw  i  d  t  h  C  Hz  ) 


0  0  3  2 


0.77 


2.5x10 


300  -  3300 


Air  Horn 


1.23x10 


4x10 


0.036 


0.85 


2.5x10 


200  -  3300 


Xenon  Horn 


5 . 4x10 


1.77x10 


0.024 


6x10 


200  -  3300 


Sound 

Pressure 

Level 

(dB) 


Computed  Average  Xenon  Hear  Horn  Response 


Computed  Average  flam's  Air  Hear  Horn  Response 
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tV 

Figure 

2.8 

Graph  of  predicted  average 
compared  to  Harris  Air  Hear 
in  Table  2.2. 

responses  of  Xenon  Hear  horn 
horn  with  parameters  shown 

I 


2.4  RING  DESIGN 


Two  different  design  concents  were  analysed  a  resonant  Ring 
horn  coupled  to  an  absorption  cell.  and  a  Ring  mechanism 
consisting  of  an  optically  triggered  bimetal  latch  releasing 
stored  mechanical  energy. 

The  first  concept,  the  resonant  horn.  utilized  an  approach 
similar  to  the  Hear  horn  except  that  the  acoustic  coupling  was 

into  a  free  space  load  rather  than  into  the  6cc  volume  of  the 
ear.  For  free  space  coupling,  the  mouth  of  the  horn  was 

considered  to  be  an  ideal  massless  air  piston  mounted  in  an 
Infinite  baffle.  This  analogy  is  accurate,  assuming  neglible 

phase  variations  across  the  air  piston  The  acoustic  impedance 

of  a  rigid  air  piston  is: 

<2.45)  Z^.R^  (2kr,  )  +  3  X2<2kr2) 

whe  r  e 

*”'*  “  °  n-rJ  '^1 

Impedance  functions.  and  K.^(2kz^),  have  been 

tabulated  in  tables^.  By  replacing  the  acoustic  impedance  z^  by 
Z^  in  equation  2.21,  the  SFL  at  the  air  piston  load  is  calculated 
for  the  horn  by  following  the  computation  discussed  in  Section 
2.3  to  its  completion. 

RMS  pressure  can  be  expressed  as 

<2.47)  Pi„.  =  P  10  SPL/20 
load  '^ref  ^ 

Surface  velocity  amplitude  at  the  mouth  of  the  horn  is  given 


being  an  a  ;  o  g  o  u  3  to  I  =  V / R  amp  s  . 

Press 'j  re,  as  a  £  unction  o£  distance,  varies  as 


'■2  •^■5  '  F  (Zl=  ^Load 

Zy/r  1 


At  a  distance  of  1  meter.  the  ring  output  levei  of  an 
average  telephone  is  75  dB.  Taking  z,  the  distance,  as  10 0  cm, 
the  SPL  is  then 

(2.50)  SPL= 1 0 1 og <P ( 1 00 ) ■ /P 

ref 

These  equations  were  added  to  the  Hear  Korn  computer 
program,  and  a  horn  was  optimized  with  an  ideal,  lossless 
equalizer  tube.  A  representative  plot  of  a  horn  capable  of 
producing  88  dB  at  1900  Hz  appears’  in  Figure  2.9. 


The  second  ring  concept  analyzed  was  the  optically  triggered 
bimetal  latch.  The  bimetal  latch  operates  on  the  principle  that 
light  illuminating  a  bimetal  strip  (two  metals  of  dissimilar 
thermal  expansion  coefficient  bonded  together)  is  absorbed 
causing  a  temperature  rise  that  generates  a  differential 
expansion  causing  the  strip  to  deflect. 


There  are  several  heat  loss  processes  that  must  be 
considered  in  any  analysis;  losses  by  radiation,  conduction, 
convection  and  energy/work  processes.  The  radiation  and 
conduction  losses  were  calculated  for  the  following  assumed 
par  ame  t  e  r  s  . 

2 

A  surface  area,  0.1  cm 

T,  steady  state  surface  temperature,  310  K 
T.  air  t emp e r a t u r e . 3 0 0  K  , 


Peak  Ring  Response 


Sound 
Pressure 
Level 


Parameters  for  Harris  Air  Ring  Horn 
Horn  input  radius  is  0.05  cm 
Horn  output  radius  is  3  cm 
Cell  volume  is  5  X  10"^  cc 
Ear  volume  is  6  cc 

Equalizer  tube  length  is  20  cm  and  radius  is  0.02  cm 

Optical  input  power  is  18  mW  in  cell 

Horn  length  is  15  cm 

Distance  from  mouth  of  horn  is  1  meter 


1500  1580  1660  1750  1840  1940  2040  2130  22 


Log  Frequency  (Hz) 

Figure  2.9  Predicted  Harris  Ring  horn  response 


surface  emissivity  of  approxiitiateiy  1 
Iig.it  absorption  coefficient  of  1 
incident  optical  power  of  20  m\J 


Th  e  equation  for  radiative  losses  is; 


where  Q/t  is  the  watts  of  heat  lost /sec 

-  8  2  o 

=  istephan-aoltzman  constant,  5.8d?xi0  W/m  -  K 

The  radiative  heat  loss  is  then  0,44  mW  which  is  sxiall 
compared  to  the  20  reW  expected  input  optical  power. 

Heat  loss  due  to  conduction  of  heat  at  the  boundaries  was 

calculated  using  equation  2.52.  We  assumed  the  strip  of  bimetal 
to  be  in  a  volume  with  the  distance  from  the  strip  to  the  walls 
being  1  cm  and  t.he  parameters  shown  for  equation  2.51 
<2.52)  Q.KA<T. -T  ,  >  /  X 
whe  r  c 

K.  thermal  conductivity  for  air,  2.  35x1  Joule/s-cm-^K 

X,  bimetal  to  wall  distance,  1  cm. 


Heat 

loss 

for 

one  side  of  the 

surface.  Q 

.  wa.  5 

calculated  to 

.  2  4 

mW  . 

We 

assumed  negligible 

heat  loss 

t  h  r 

ough  the  thin 

and 

through 

a  we  11  designed 

support ; 

the 

heat  lost  by 

conduction  from  both  sides  was  then  0.48  mW .  Total  heat  lost  by 
conduction  and  radiation  was  approximately  1.1  mW .  The  remaining 
power  of  18.9  mV  (assuming  nearly  all  the  20  mV  incident  power  is 
absorbed)  i«  directed  into  energy/work  conversion  processes  and 


convection  losses. 


Th  e  TTia  7  o  r  1  t  y 


o:  the  losses  occur 


air  convection  wh i c  h  is 


difficult 

to  calculate 

Th  e  r 

e  f  o  r  e  the 

e  X  p  e 

r 1 m  e  n  t  a  1  set-up. 

3  h  o  wn 

in  Figure 

2  10,  wa  3  used 

t  0 

det  ermine 

t  h  e 

character  ist  i  is 

Cl  an 

opr loal iy 

triggered  faime 

tali 

1C  latch. 

A  0 

0  mW  helium  neon  1 

a  5  e  r  . 

with  a  d  j  u  I 

table  output 

p  G  w  e 

r  ,  s  u  p  p  1 

:  e  d 

the  optical  energy 

A 

laser  beam  expander  and 

c  y  1 

1 nd  r 1 c  a  1 

I  ens 

were  used  to  prov 

X  d  e  a 

line  iliumi nation  on  the  biaetallio  strip.  The  strip,  0125  x 
0  t25  X  0  006  inch  o£  P o 1 yme t a  1 1 u r g i c a  1  Corporation  PMC  7  2  1  -5  75 
oimetal  (surveyed  to  have  the  highest  Flexitivity  constant,  i.e. 
most  sensitive.',  was  painted  with  a  very  thin  coat  of  Kodaic  Photo 
Black  paint  on  the  high  expansion  side  of  the  bimetal  for 


greatest  response 

speed  .  Wh en 

the 

b ime  t  a  I  was 

ill um i n  a  t  e  d 

with 

2  0  mW  of  light, 

a  deflection 

o  f 

0.006  inches 

wa  s  reached 

in  20 

seconds  A  deflection  of  0.004  inches  was  considered  to  be  the 

minimum  distance  to  reliably  trip  a  sensitive  latch. 


Because  20  seconds  is  a  relatively  long  time  to  activate  a 
ring,  a  thinner  bimetal  was  tested  with  dimensions  of  0.040  x 


0  6  25  X 

0006  inch. 

An  opt i c  a  1 

s  y  5  t  em  wa  s 

designed  using  a  10 

mm 

plano-convex  lens  and 

a  22.2  mm 

cyl inder 

lens  to  illuminate 

the 

t  h i nn  e  r 

b ime  t  a  1  with 

light  f  r  om 

a  0.25 

numerical  aperture, 

1  00 

micrometer  core  fiber.  The  system  was  integrated  with  the 
bimetal  strip  and  a  sensitive  spring  wound  latch  to  drive  a  pair 
of  standard  phone  ring  elements.  The  optical  raytrace  is  shown 
in  Figure  2.11  The  speed  of  response  was  improved  to  5  seconds 


..  ♦ 


for 


0.006 


inch  deflections. 


SYSTEM  AMD  ELECTRONIC  INTERFACE  UlvIIT  DESIGN 


9  2 


The  system  for  testing  the  optical  telephone  components  was 
chosen  for  optimum  simplicity  and  functionality.  The  link  used 
four  fibers  in  the  configuration  shown  in  Figure  2.12.  One  fiber 
was  used  for  each  of  the  functions,  Hear,  Talk  and  Ring  with  the 
fourth  fiber  used  for  the  Talk  return  signal.  The  fiber 
initially  chosen  was  a  Corning  SDF-100  graded  index  fiber  with  a 
0.33  numerical  aperture  (N.A.)  and  a  100  micrometer  core  diameter 
with  a  140  micrometer  cladding  diameter  to  mate  with  a  similar 
fiber  pigtail  supplied  with  the  Injection  Laser  Diodes.  However, 
due  to  a  long  lead  time  of  the  Corning  fiber,  a  similar  Seicor 
fiber  with  a  0.25  NA  was  used.  Because  most  laser  diode 
manufacturers  terminate  their  devices  into  large  NA  fibers  to 
increase  the  power  captured  by  the  fiber,  a  similar  or  larger  NA 


fiber 

used  in 

the 

link  will 

int  reduce 

negl  igible 

coupling  loss 

from 

the  ILD 

fiber 

pigtail  to 

the  trunk 

Th  e  spec 

ified  loss  of 

the  Siecor  fiber  was  4.5  dB/Km  at  330  nm ,  the  ILD  wavelength. 

Laser  diodes  selected  for  the  link  were  Optical  Information 
Systems  OSF-5d2  capable  of  20  mV  cw  out  of  a  100  micrometer  0.33 
NA ,  one  meter  long  fiber  pigtail.  The  laser  diode  wavelength  is 
330  nm  and  the  typical  current  threshold  is  250  mA ;  operation  at 
3  5  0  mA  yields  20  mV  optical  output.  Of  the  c  omme  r  c i a  1 1 y 
available  devices,  these  had  the  highest  power  out  of  the  fiber 
pigtail.  The  I LD ' s  had  an  internal  photodiode  which  can  be  used 
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for  output  p  owe  r  stabilisation.  Aap  c  onne  o  t  o  r  s  .  FCC  Series  mo  o  s  1 
numbers  906-110-5012  (maie>  and  905-120-5000  (female)  were 
selected  because  of  their  low  cost  and  low  loss  (1.5 -2.0  52). 

Serving  as  the  electronic  switchboard,  the  Electronic 
Interface  Unit  (EIU)  enabled  a  standard  electrical  telephone  to 
interconnect  to  the  optical  telephone  via  optical  fibers.  The 
EIU  housed  the  laser  diodes  and  associated  circuits  providing  the 
optical  p,jwer  for  the  system.  Three  laser  diode  control  circuits 
supplied  power  tor  each  of  the  individual  functions.  Additional 
circuitry  was  developed  to  receive  the  Ta  1  !c  modulated  signal. 
The  amplitude  modulated  Talk  return  light  signal  was  detected  and 
amplified  by  a  photodiode  circuit  an.d  the  signal  then  routed  to 
the  electrical  earpiece  at  the  switchboard  phone  set.  A  fraction 
of  the  signal  also  was  used  to  drive  the  ILD  control  to 
electrically  generate  the  sidetone  for  the  Hear  mechanism  as 
shown  in  the  block  diagram  of  Figure  2.12 

The  Ring  electronic  circuit  was  designed  to  produce  a  20  mV 
cw  optical  level  from  the  Ring  laser  diode.  The  Talk  circuit  was 
biased  such  that  the  Talk  ILD  operated  at  10  mW  to  enable 
transmission  of  a  maximum  optical  ac  component  to  the  Talk 
pho t o de t ec t o r  without  clipping.  The  Hear  circuit  was  biased  such 
that  the  Hear  ILD  output  power  swung  from  threshold  to  20  mV  when 
the  ILD  was  modulated  by  an  audio  signal.  The  electrical 
microphone  signal  of  the  EIU  telephone  is  summed  with  the 
received  Talk  signal  and  a  portion  was  sent  to  the  electrical 


sirpiece  . 


The  ILD  control  circuitry  block  diagram  is  rhown  in  Figure 
2.13.  The  I LD  audio  input  signal  was  applied  to  a  summing 
amplifier  which  controlled  a  current  source.  The  output  of  the 
amplifier  directed  current  to  or  away  from  the  I LD  as  demanded  by 
the  audio  input  signal.  A  current  source  limited  the  maximum 
allowable  I LD  current.  The  ILD's  integral  feedback  photodiode 
monitored  the  output  power  and  applied  a  subtractive  voltage  to 
the  summing  amplifier.  The  output  from  the  feedback  amplifier 
sensed  any  optical  power  overload  and  a  temperature  sensor 
detected  any  temperature  overload.  These  signals  were  sent  to 
the  overload  current  source  which  incorporated  a  sensor  to 
monitor  the  I LD  current  for  any  over  current  conditions.  The 
overload  current  source  shuts  down  the  I LD  by  shunting  current 
away  from  the  ILD  and  directing  it  to  the  limiting  current  sink. 
A  parts  list  and  schematic  appears  in  Appendix  D.  The  EIU  was 
aligned  by  adjusting  the  bias  on  the  ILD's  such  that  the 
modulated  light  output  would  clip  symmetrically  when  driven  by  a 


sinusoidal 

current 

A  graph  of 

I  LD 

output 

p  owe  r 

versus  drive 

currant  in 

Figure  2 

14  a  hows  that 

the 

slope 

of  the 

output  power 

above  threshold  is  slightly  curved  which  increases  the  effective 
gain  of  the  current  to  light  transfer  at  higher  optical  powers. 
As  a  result,  the  bias  point  was  aligned  for  14  mU  output  rather 
than  10  mW  as  would  be  expected  for  a  device  with  20  mW  power 
output  and  low  spontaneous  emission. 


mmni 


Figure  2.14  ILD  manufacturer’s  supplied  data  on 

output  power  versus  drive  current  for 
Optical  Information  Systems  laser 
diode  Model  No.  OSP-562 


3.0  EXPERIMENTAL  RESULTS 


A  br*3.dboird  wis  constructed  to  prove  the  feasibili 
all-optical  telephone.  In  this  section  we  desc 
construction  of  the  key  subsystem,  and  experimental 

including  the  Talk,  Hear  and  Ring  mechanisms.  The  ex 
results  were  obtained  by  directly  interfacing  the  mec 
the  Electronic  Interface  Unit  (EIU);  the  fiber  optic 
included  only  in  system  testing. 


t  y  of  the 
r  i  b e  the 

results, 
per imen  t  a  1 
han i sms  t  o 
link  was 


3  .  1  TALK  MECHANISM 


The 

Harr  is 

Ta  1  k 

mechanism  is  shown 

i  n 

Figure 

3  . 

1  .  The 

di aphr agm 

was  made 

of  0 

.5  mil  mylar  held  under 

tension 

by 

a  pair 

of  aluminum  rings 

A 

rubber  "0"  ring  was 

used  as 

t  he 

contact 

surface  between  the  mylar  and  one  aluminum  ting  to  maintain 
tension  in  the  mylar.  The  structure  was  then  clamped  together  by 
screws  on  the  side  of  the  aluminum  rings.  Two  fiber  access  holes 
were  provided  in  the  top  ring.  One  50  micrometer  core  fiber 
<wi th  cleaved  end)  was  inserted  through  one  of  the  holes  and 
epoxied  to  the  diaphragm  about  a  millimeter  above  the  surface  of 
the  diaphragm.  Another  SO  micrometer  core  fiber  was  inserted  and 
epoxied  into  a  small  diameter,  1  inch  long  stainless  steel  tube. 
The  tube  holds  the  sensing  fiber  rigid  preventing  unwanted 
modulation  of  the  fiber  due  to  air  currents.  The  tube  assembly 
was  then  mounted  on  a  XYZ  translation  stage,  inserted  into  the 
remaining  hole  in  the  aluminum  rings  and  the  position  was  aligned 
for  optical  coopling.  As  shown  in  the  Talk  experimental  setup  of 
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Figure  3.2,  coupling  was  monitored  by  focussing  a  I  mV/  He  Me  laser 
into  the  modulating  fiber  and  detecting  the  sensing  fiber  ouiput 
on  a  Coherent  212  power  meter.  Upon  optimization,  the  two 

sensing  fiber  ends  were  fusion  spliced  to  100  micrometer  core 

% 

fibers. 

The  response  of  a  standard  telephone  earpiece,  driven  by  a 
swept  tracking  oscillator,  was  recorded  on  a  Hewlett  Packard 
audio  spectrum  analyzer  using  a  sound  pressure  level  meter  with  a 
6cc  coupling  volume.  As  shown  in  Figure  3.3,  the  response  is 
flat  within  2  dB  from  400  to  3300  Hz  and  is  3  dB  lower  at  300  Hz. 
The  earpiece  was  then  used  to  drive  the  optical  microphone  at  low 
signal  levels.  A  coupling  volume  of  &cc  ensured  that  the 

earpiece  driving  response  would  remain  unchanged.  The  response 
of  the  Talk  mechanism  driven  by  the  electrical  earpiece,  is  shown 
is  Figure  34.  Figure  3.5  shows  low  frequency  improvement  of  2 
dB  when  a  7.5  cu  in.  volume  was  coupled  below  the  mechanism. 
Optimum  response,  as  shown  in  Figure  3.6,  was  produced  when  a 
mouthpiece  filter  of  a  standard  telephone  mouthpiece  was  added. 
The  fundamental  resonance  of  the  diaphragm  generated  a  15  dB  peak 

at  1200  Hz.  Average  response  extended  from  300  Hz  to  2  KHz  with 

a  small  SdB  peak  at  300  Hz  due  to  the  low  frequency  resonance 
added  by  the  7.5  cu  inch  volume.  The  fundamental  resonance  can 
be  attenuated  by  making  the  diaphragm  lossier.  This  can  be 
accomplished  by  constructing  the  diaphragm  with  other  materials 
or  a  composite  material  such  as  mylar  with  a  film  of  rubber  for 
damping.  Other  materials  were  tried,  such  as  Cronar,  which  had 
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Figure  3.6 


/^j  / jL.  . y  * . 


7«/^ 


V  iA  f>i  ^  \t 


.■■¥«?«' S-.i^  .  ‘  ... 

i  ■  .  .  •■■,  '  :h.-  1,4m.,'  ,  K  ,  >  .  ' 

’  •,  -ir'  •  »rr'M.«^  f9^;fzivi- 1 1-  w  z»> 


,'(5x  i  ) 


Frequency  response  of  Talk  mechanism  with  a  7.5  cu  in. 
volume  coupled  below. 


,  e.4v^>f*K7  ' 


^'/'/?i  .>7/ 


Frequency  response  of  Harris  Talk  function  with  a  standard 
handset  mouthpiece  filter  and  a  7.5  cu  in.  volume  coupled  below 


iBSSwilwBwiHiii  bRS  Ss 


3-7 

■  s'. 


Isis's'  s' 


i  ;  ■  V.’  6  r  s  i  r.  5  1  t  1  7  1  ■  y  5.  r.  a  1  r  1  r.  w  r  a  2  w  n  x  c  n  h  a  a  a  i  a  n.  1  =  r  a  -  r  = 


aepan^ant  pertarniarice  and  pc- or  dinar.  =  10  na 


:  1.7  .  e  V  6  1  a  ;  5  o  r  t  1  ■:  n  rc  a  a  5  u  r  a  ni  a  n  1  s  o  :  r  .a  a  mi  c  r  o  o  h  o  n  a  w  a  r  a 


Ha.  1 0  j  0  Ha  and  Z  0  0  0  Ha.  F  i  a ' a  r  a  = 


.'  t  n  r  :•  u  a  n 


compare  the  distortion  o  r  o  d  u  c  a  d  o  7  the  T  a  I  mechanism  to  t  .h  a 


inp'Jt  resio’jai  aistcrtion  ei  aarciaca  saeakar  karaaominanti  ana 


the  5FL  meter  and  GR  oscillator  isecondarv.' 


D  1  s  t  o  r  t  1  o  n 


iaas'j  reman  ts  are  s  u  mm  ariaed  in  Table  3 


1  o  t  a  1  .n  a  rmon  1  c 


distortion  measured  is  the  sauare  root  ot  the  sum  c  z  the  sou  are; 


of  tha  harmonic  anniitudes 


TASLE  3 . 1 


TOTAL  HARMON  10  DISTORTION 


prgd'joed  ey  talk  mechanism 


r  a  d  u  e  n  c  V 


I n  o  u  t  Residual  Talk  Cutout 


Actual 


Distortion  <  % )  Distortion  i  %  >  Distortion  ■;■'«) 


0  0  13 


0  .  0  ■?  7 


0  0  13 


0  ,  0  0  -  C 


rhe  data  shows  that  the  output  has  very  low  distortion  if 


driven  at  levels  below  oliooina,  which  is  the  averace  voice  level 


that  most  peoole  would  talk  with  into  the  mouthoiece 


w 


Opr^  ^<•1  '  ^p+^’c  ^^^‘c^c»pkc»^.^ 

\  •tv? 

'  -  M.»„. .... 

.iiiaanaMBiaiiiile. 


■»«! 


5PL 

IRB) 


mp^^r 

imy 

‘<>i»S 


S 


'  iMiM 


j  ,  ,  L  ,  '  1'  '  ii'Aw  j-yv  M-y-  j;  '  (  d 

iO  fi;,  ^  .'J'T*  ^t4|e»  V  'Hf*'.. 


V  5ii;»'.. 


Distortion  of  Electncal  Earpiece  Speaker  Driven  at  500  Hz 


(^pT-,£v(  "l-eUpUi'.^f  .  B;(jer(Pil,t  ('"'1  t'<.r.|'i  k>.>  e 

^OOH-£  7cJK<* 

P'SW^iO'^ 

A?'^  Hf  C '‘Opkovl  < 

;2"A; 

fO  _  - 

.1-.  1 

,  .  V-  ■  .i-  ,:  -  i 

(PL  ;  P  . 

’.-7.  ,v'3-.-,:;,.- <  ...  ■ 

•T  v'-'r'V-’rr : 

/ClR^  ^  '■■■•' •  '""‘’A  j 

4  ^  -  /\  :  -  / 

1  it 

Lej  ^1|l  uiT 

r 

(3  1.. 

' }tl  f9*^.  V.J  <!<  ^0  t 

f  Re.,  “Ce  ’ 

Combined  Distortion  of  Talk  Mechanism  and  Earpiece  Speaker  with  Speaker 
Driven  at  500  Hz. 


Figure  3.7  Single  tone  distortion  measurements  at  500  Hz 
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3  .  2  HEAR  MECHANISM 


The  Harris  Hear  meoh-  -.sm  was  fabricated  by  machining  an 
aluminum  mandril  a  circular  c  r  c  s  s  -  s  e  c  t  i  c  n  and  the  prescribed 
exponential  I  a  r  =>  r  discussed  in  Section  2  3.  The  aluminum  mandril 
was  chemically  cleaned  and  0.12S  inch  thick  copper  was 
e 1 e 0 t r o f o rmed  over  the  surface  of  the  aluminum.  The  aluminum  was 
then  etched  away  to  form  the  horn  cavity.  Due  to  the  very  slow 
etching  rate  experienced,  the  horn  was  cut  into  several  pieces 
near  the  source  end.  The  finished  horn  pieces  had  slightly 
flared  ends  internally  because  of  the  nature  of  the  etching 
process.  When  the  horn  was  assembled,  therefore,  there  were 
small  discontinuities  in  the  exponential  curve  at  the  joints 
which  may  affect  the  ideal  horn  performance. 

Cotton  fiber  was  carbonized  in  a  ceramic  crucible  in  a  SOO^C 
oven  in  an  atmosphere  of  flowing  nitrogen  for  Z  minutes.  The 
cotton  was  placed  in  absorption  cells  with  volumes  ranging  from 
0.5  to  2.5  X  10  ^cc.  The  cleaved  end  of  a  100  micrometer  core 
optical  fiber  was  inserted  into  a  small  diameter  stainless  steel 
tube  and  placed  into  the  fiber  access  hole  in  the  absorption 
chamber.  Position  of  the  fiber/tube  assembly  was  optimized  with 
the  horn  in  place  and  epoxied  to  an  inertance  equalizer  tube  and 
cell.  The  equalizer  tube  increases  the  horn  response  at  high 
frequencies  and  thereby  flattens  the  band  response.  Optimization 
was  necessary  to  obtain  the  best  light  utilization  factor. 
Because  of  the  high  cell  impedance,  epoxy  was  used  to  prevent 


minute  leaKs  in  the  essembly  which  could  produce  shunt  acoustic 
capacitance  across  the  source  and  diminish  the  output. 


The  cell/equalizer  tube  combination  which  gave  the  best 
response  was  a  5  x  10  ^  cc  cell  coupled  to  a  0.035cm  diameter. 
1.6cm  long  input  equalizer  tube.  As  seen  in  Figure  3.10,  the 
peak  response  of  the  horn  was  78  to  79  dB  at  500  and  700  Hz  while 
the  average  response  is  75  dB  from  300  to  1500  Hz  for  an  input 
optical  signal  level  of  4.77  mW  rms.  Design  calculations 
indicate  that  a  drive  level  of  28  mW  would  give  an  average 
output  of  83  dB .  This  suggests  that  an  improvement  of  8  dB  may 
be  possible.  Th e  notch  response  at  7  KHz  is  probably  an  anomaly 
of  the  exponential  horn  fabrication.  Such  a  response  could 
result  from  a  volume  in  series  with  a  tube  <series  capacitance 
and  inductance)  in  series  with  the  sound  path.  The  small 
enclosed  volume  coupled  between  the  first  and  second  horn 
segments  due  to  flared  ends  of  the  segments  may  form  such  a 
series  network.  The  notch  has  sufficient  depth  and  amplitude  to 
degrade  the  response  near  the  3300  Hz  cutoff  by  rapid  roll  off. 
With  further  effort  and  experience,  we  are  confident  that  the 
experimental  response  can  be  improved  to  nearly  the  same  output 
as  the  theoretical  calculations  predict 


Single  tone  low  and  high  level  harmonic  distortion  was 
measured  for  the  EIU  and  horn  combination  at  several  frequencies. 
Results  are  shown  in  Figures  3.11  to  3.15.  Total  harmonic 
distortion,  shown  in  Table  3.2.  includes  distortion  products 
generated  by  the  oscillator  and  the  3FL  me',  er  ncniineari'.y 


Low  Level  Hear  Horn  Distortion  at  300  Hz 


High  Level  Hear  Horn  Distortion  at  300  Hz 


Figure  3.11  Low  and  high  level  Hear  horn  single  tone  distortion 
measurements  at  300  Hz 


stortion 


Low  Level  Hear  Horn  Distortion  at  1000  Hz 
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05  X  10  cc ,  and  equalizer  of  0.035cm  diame»ir  and  1.6cm  long, 
as  used  in  the  experiment,  is  shown  in  Figure  3.16.  The  graph 
shows  that  the  output  with  the  breadboard  components  would  be  2 
dB  lower  than  the  ideal  response  at  low  frequencies  and  has  a  3 
dB  bandwidth  of  300  to  1700  Hz.  While  the  predicted  response 
with  the  breadboard  components  is  poorer  than  the  predicted 
response  with  the  optimum  components  as  in  the  Harris  design,  the 
experimental  frequency  response,  was  Increased  by  2  dB  at  3000  Hz 
over  the  response  produced  with  the  optimum  components. 

Comparative  efficiencies  between  the  o p t o - a c ou s t  i c  hern 
output  and  that  of  a  standard  military  phone  were  made  MIL 
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3.16  Computed  response  with  experimental 
components  compared  with  computed 
response  with  ideal  design  components 
for  the  Hear  horn. 
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Multiplying  the  intensity  by  K'z  ,  <r^=0.77  cm),  results  in 
a  source  strength  of  5.6  nW  or  -52,5  dBm,  indicating  an 
efficiency  of  1,17  x  10~^  with  an  input  of  6.8  dBm. 


The  Hear  and  Talk  mechanisms  were  tested  with  the  ElU/link 
for  subjective  listening  response  The  Hear  horn  had  a  low,  but 
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adequate  output  level  wnen  the  listener  placed  nis  or  ner  ear 
oloise  to  the  output  of  the  horn  The  sound  quality  of  the  voice 
output  was  good  but  slightly  nasal,  possibly  due  to  the 
resonances  in  the  horn.  The  oscillating  response  of  the  horn  did 
not  seem  to  degrade  vocal  transmission.  The  Talk  microphone  with 
EIU  was  highly  sensitive.  The  sound  quality  had  a  slight  bass 
character  due  to  the  1 ow  frequency  peaks  at  300  Hz  and  1200  Kz. 
Despite  the  peaks,  both  male  and  female  voices  were  recognizable 
and  intelligible. 
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3,3  R ING  MECHANISM 


A  di^grarl  of  the  assembled  Ring  mechanism  is  shown  in  Figure 
3.17.  A  bimetal  latch  triggered  ringer  was  designed,  fabricated 


and  tested  for 

^  ound 

output 

level 

a  t 

1  meter  dist-ance  from 

the 

ringer.  Average 

sound 

output 

wa  s 

80 

dB .  Th i s  was 

greater 

than 

the  75  dB  output 

level 

for  a 

standard 

dial  tel ephone 

set  although 

the  bells  employed  were  the  same  This  difference  was  due  to  the 
lack  of  an  enclosure  covering  the  bells  as  there  is  in  the 
standard  phone  set.  Optical  power  required  for  activating  the 
bimetal  latch  was  15  mW  with  a  response  time  of  4  seconds.  The 
mechanical  energy  storage  required  4.5  turns  of  the  spring  windup 
to  allow  the  mechanism  to  ring  down  in  150  seconds  The 
sustaining  force  required  to  latch  the  mechanism  was  measured  to 
be  less  than  0.1  gm ,  below  the  resolution  of  the  spring  testing 
gauge  used 

The  present  Ring  mechanism  requires  mechanical  energy  to  be 
stored  by  actions  of  the  user  of  the  phone  such  as  depressing  the 
hookswitch  when  the  telephone  is  raised  or  lowered  on  its  cradle. 
A  more  desirable  concept  for  the  Ring  would  be  the 
pho t o - ac ou s t i c a  1  1  y  generated  ring  as  described  in  Section  2.4  of 


3  *3  SYSTEM  TESTING 


Sysiem  lay  out  and  power  budget  is  sho  wn  in  Figure  313. 
photographs  of  the  individual  components  in  Figures  31?  to  3  ZZ. 
The  system  was  integrated  with  the  100  foot  optical  link  and 
tested  Losses  'averaged  1.3  dB  per  connector  and  6  dB  at  the 
Talk  mechanism  due  to  50  vs.  100  micrometer  fiber  mismatch.  The 
fusion  splices  introduced  negligible  loss  (approximately  0.1  dB). 

The  available  power  was  15.2  mW  at  the  Ringer,  0.95  mW  at  the 
input  to  the  photodiode  and  3.2  mW  rms  into  the  absorption  cell. 

The  system  is  operated  by  turning  the  EIU  on,  connecting  the 
100  meter  link,  if  necessary,  plugging  in  the  EIU  phone  set, 
raising-  the  phone  receiver  and  depressing  the  Ring  ILD  button. 
When  the  receiving  user  answers,  the  Ring  ILD  is  shut  off  by 
depressing  the  EIU  phone  set  hookswitch  once.  Next.  the  Talk  and 
Hear  ILD's  should  be  turned  on  by  depressing  the  ILD  buttons. 
Conversation  is  terminated  by  placing  the  phone  receiver  on  its 
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SUMMARY.  CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE 


DEVELOPMENT 

The  results  of  this  study  verify  the  technical  feisiblity  of 
the  opto  —  acoustic  telephone  concept.  After  an  intensive 

literature  survey  of  p  3,  s  t  research  and  brainstorming  sessions  for 
new  ideas,  those  design  and  implementation  techniques  were 
selected.  that  provided  the  lowest  risk  for  this  program. 
Although  system  performance  was  slightly  below  the  theoretically 
predicted  level,  significant  improvement  is  possible  in  all  three 
functions  with  some  additional  effort.  The  associated  technology 
required  for  the  desired  capabilities  and  performance  already 
exist,  including  low  loss  optical  fibers  and  high  power  laser 
diodes. 

Clearly,  much  work  remains  to  be  done  in  optimizing  the 
performance  parameters  and  manufacturability  of  the  Talk,  Hear, 
and  Ring  functions,  and  in  implementing  other  functions  such  as 
hookswitch,  optically  generated  sidetone  at  the  receiver  and 

dialing.  Development  and  refinement  for  possible  military 
applications  is  required  in  the  areas  of: 

1)  Device  optimization 

2)  Link  improvement 

3)  Switchboard  functions  and  interfacing. 

Device  optimization  -  For  device  optimization,  the 
individual  op t o-acous t i c  transducers  should  be  optimized  with 
increased  emphasis  on  performance,  manufacturability  and  low 


:ost.  Other  requirements,  pirticularly  for  military 

applications,  such  as  security,  rugqedness  and  reliability  must 
also  be  optimized.  Improvements  in  the  device  operating  features 
can  be  implemented  such  as: 

A.'  Refine  Hear  and  Talk  transducers  to  increase  their 
frequency  response  and  output  levels. 

B>  Improve  Ring  transducers  by  the  implementation  of  the 
Harris  Ring  Horn  design. 

O  Reduce  the  physical  volume  of  the  optical  telephone 
components  and  incorporate  them  within  the  size 
constraints  of  the  standard  telephone  handset. 

D)  Implement  dialing  pulse  generation  by 
modulating  light  with  a  chopping  wheel  to  send  the 
required  number  of  dial  pulses  or  touch  tone 
generation  of  the  proper  pairs  of  tones  by  vibrating 
reeds  or  grooves  coupled  by  a  suitable  mechanical 
pickup  . 

E)  Add  passive  side  tone  generation  by  .using  a  low  loss 
optical  splitter  directing  light  from  Talk  mechanism 
to  the  Hear  mechanism. 

Further  improvements  can  reduce  the  number  of  link  fibers 
required  from  4  to  Z.  This  can  be  accomplished  using  wavelength 
division  multiplexing  optical  coupler  technology  developed  by 
Harris  on  other  fiber  optic  programs.  Dual  window  fiber  for  1.3 
and  0.83  micrometer  wavelengths  and  the  corresponding  high  power 
laser  diodes  <re  commercially  available.  In  this  approach,  one 


wivelength  could  be  used  for  the  Talk  and  a  different  wavelength 
for  the  Hear.  A  dichroic  splitter  will  direct  the  two 
wavelengths  (traveling  on  a  single  fiber,'  to  the  Talk  and  Hear 
Functions  when  the  hooks  witch  is  raised  and  ooinfaine  the  two  for 
increased  power  to  the  Ring  mechanism  when  it  is  lowered.  A  Talk 
return  fiber  would  be  used  to  complete  this  2  fiber  link.  An 
engineering  conception  drawing  of  a  complete  optical  telephone 
is  s  h  o wn  in  Figure  4.1. 

Switchboard  functions  and  interfacing  of  the  optical 
telephone  is  required  for  functional  demonstration  of  the  system. 
It  should  be  possible  to  hook  the  interface  to  any  node  in  the 
present  military  or  Bell  phone  network.  Some  of  the  switchboard 
functions  the  interface  unit  should  provide  are  off  hook,  on  hook 
acknowledge,  line  busy  monitoring,  misdialing,  receiver  in 
permanent  off  hook  position  and  touch  tone  or  dial  recognition. 
The  wide  bandwidth  of  the  optical  transmission  line  allows  some 
of  these  supervisory  signals,  now  operating  in  the  voice  band  in 
some  cases.  to  operate  in  the  more  desireable  out  of  voice  band 
frequencies  Implementation  of  the  interfacing  signal 
requirements  will  result  in  intelligent  two  way  communication 
between  the  optical  phone  and  existing  telephone  networks. 

The  optical  telephone  can  form  an  integral  part  of  a 
reliable  c  omraun ication  system  in  a  military  envir  onmen  t  . 
Although  more  work  is  required  to  fulfill  the  necessary 
performance  requirements,  Harris  has  demonstrated  that  the 
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Figure  4.1  Engineering  concept  of  the  optical  telephone  of  the 
^  future.  Cutaway  view  shows  all  plastic-ceramic 

g  .construction  with  no  metal  parts  -  feasible  with 

^  present  day  technology. 
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APPENDIX  B 


ELECTRONIC  INTERFACE  UNIT  PARTS  LIST 

All  capacitors  are  in  unless  otherwise  noted. 

All  resistors  are  in  K  ohm  1/4  watt  unless  otherwise  noted. 


Component  No 


Rl,  R2 
R3 

R4,  Rll,  R13 
R5,  R6 
R7,  R18 


Value 

750  ohm 
620  ohm 
20 

4.99 

2.49 

30.1 

2.32 


RIO 

15.0 

1 

R12,  R15, 

R17 

49.9 

1 

Cv 

R14 

11 

1 

w 

R19 

680  ohm 

1 

•  ^ 

R33,  R31 

301  ohm 

3 

R32,  R60 

Pot 

5 

3 

R36,  R37, 

R48, 

R50 

10 

3 

R34,  R47 

3.01 

3 

R42,  R43, 

R44, 

R35, 

Pot 

20 

3 

fe 

R38, 

R39 

100  ohm,  5 

W  3 

R49 

6.98 

3 

R51 

33  ohm,  1 

W  3 

"  1 

u  ^ 

R40 

1  ohm,  1 

W  3 

R41 

8.2 

3 

i 

R66 

Pot 

500  ohm 

3 

P 

R64,  R65, 

R58 

2 

3 

R52 

100  ohm 

3 

^  * 

R53,  R56 

1 

3 

■  • 

R54 

499 

3 

» . 

R55 

30,  10  W 

3 

R59 

10 

3 

R57 

1.5 

3 

R60,  R63 

49.9 

3 

R62,  R61 

1.5 

3 

*■  It 

R70 

1  M  ohm 

3 

R71 

68  ohm 

Handset  Con.  Diag.l 

R64 

50  ohm 

3 

,  y"* 

Cl,  C2 

6.8 

1 

•  *  4 

C3,  C9 

62  pf 

1 

C4 

.1 

1 

r.* 

C5 

.01 

1 

C6 

.05 

1 

c 

C7 

120,  30  V 

1 

V 

C8 

18,  30  V 

1 

m 


Component  No. 


Value 


Quantity 


C31,  C56 

62  pf 

3 

C32 

200  pf 

3 

C33. 

1 

3 

C34,  C35,  C36,  C41 ,  C42, 

0.01 

3 

C43,  C45-C49,  C51-C55 

C37,  C38,  C39,  C40,  C44,  C50 

6.8,  30  V 

3 

Component  No. 


AR  1 
AR  2 
AR  3 

ITT  Microphone 
ITT  Earphone 
Photodetector 
CR  1 ,  CR  2 
AR  n,  AR  12,  AR  15 

AR  13,  AR  16,  AR  15 

CR  38,  CR  36,  CR  37 

CR  34,  CR  35 

Qll,  Q  15 

Q12 

Q13,  Q14 
CR  31 
Q16 
Meter 
ILD 

SWI  (Switch) 

Relay 
PIP-SW 
CR  33 

Power  Supply 


SEMICONDUCTORS  AND  HARDWARE 


Part  No. 


LM  747 
LM  308 
LM  380 


SD-172-11-11-021 
1N5524 
747  CF 
LM  311  P 
1N4003 

1N5519,  3.6  V 
2N6420 
2N2905 
2N3053 

1N4742,  12  V 
2N3585 
0-500  MA 
OSP  562 


1N4106,  12  V 
15  V,  1  A 


ro  ro  ro  CO 


REM  ......OPTIChL  TELEPHOHE.,  . 

REM . HEMBRRHE  VIBRPiTIOH.  . 

HIM  VC  200  Jh  FC  200  ] 

PRINT 
PR  I  NT 
III  =4 

PRINT  "40  DIRMETER  OF  CELL 
[12  =  0. 03E 

PRINT  "F0  MEMBRRNE  DENSITY  ■: 
T1=0. 5 

PRINT  "30  MEMBRRNE  THICKNES 
T2=l2=lE+04 

3  PRINT  "110  MEMBPHNE  TENSION 
:i  P=1 

j  PRINT  "130  DRIVE  PRESSURE"’ 
H  N  =  0 
3  R;  =  0 

3  PRINT  "160  RRDIUS  POSITION 
3  N 1=200 

3  PRINT  "130  NUMBER  OF  STEPS" 

1  PRINT 

2  PRINT 

0  FI =300 
5  L1=LGT(F1) 

0  F2=3300 
5  L2=LGT<F2> 

0  S=D2*T1 
0  C = S  Q  R  (  T  Z  ■■■'  S 
0  1  =  1 

2  PRINT  "  I"  ’  "KR" "FREQ<HZ; 

3  PRINT 

0  F3  =  <F2--F1  i'/Nl 
5  L3='::L2-L1  l/Nl 
0  FOR  L=L1  TO  L2  STEP  L3 
2  FC I  ]=10tL 

5  W  =  2*PI*FCn 

6  K  =  N/i:: 

0  R5=K*Dl/2 
0  6  =  K.  R 


J 1  =  FND ( Z ) 

j2=FNri';:z) 

Y  [  I  ]  =  <  P  ( K  *  K  *  T  2  >  )  +  ( 

YC  I  :]  =  flBS'::YC  I  ])*(  10t' 

PRINT  IjXS’FI:  I  ]:.  YC  I 

I  ■  I  + 1 

NEXT  L 

PRINT 

Y6  =  YC 1  ] 

Y7  =  YC 1  ] 

FOR  1=2  TO  N1 
IF  YCnCYb  THEN  510 
IF  YCI]>Y7  THEN  530 
GOTO  540 
Y6  =  YC I  ] 


“T  r  •'  c  •  I  -j  1  ■' 
]  ;:i  *  C  1 0'1'4  > 

:  I  ] :.  YC  I  ] 
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APPENDIX  C 

TALK  FUNCTION  COMPUTER  PROGRAM  VARIABLES  SET 


In  order  of  Appearance: 


D1  -  cell  membrane  diameter  (cm) 

D2  -  membrane  density  (gm/cc) 

T1  -  membrane  thickness  (mil) 

12  -  membrane  tension  (dynes/cm^) 

P  -  drive  pressure  (dynes/cm2) 

N  -  Bessel  function  order 

R  -  radius  of  membrane  amplitude  position  (cm) 

N1  -  step  counter 

FI  -  minimum  frequency  (hz) 

LI  -  log  FI 

F2  -  maximum  frequency  (hz) 

L2  -  log  F2 

S  -  area  density  (gm/cm2) 

C  -  acoustic  velocity  (cm/sec) 

I  -  counter 

F3  -  linear  frequency  step 

L3  -  log  frequency  step 

Y(200)-  amplitude  array 

F(200)-  frequency  array 

L  -  counter 

W  -  angular  frequency  (rad/sec) 

K  -  propagation  constant 

X5  -  Ka 

X6  -  Kr 

Z  -  arguement  for  Bessel  function  program 

J1  -  J.  (Ka) 

J2  -  Jo  (Kr) 

F6  -  frequency  at  minimum  amplitude 

Y6  -  minimum  amplitude 

F7  -  frequency  at  maximum  amplitude 

Y7  -  maximum  amplitude 

XI  -  min  X  axis 

X2  -  max  X  axis 

X3  -  X  axis  scale  factor 

X4  -  min  X  scale 

X5  -  max  X  scale 

Y1  -  min  Y  axis 

Y2  -  max  Y  axis 

Y3  -  Y  axis  scale  factor 

Y4  -  min  Y  scale 

Y5  -  max  Y  scale 

F9  -  plotting  frequency 

I  -  counter 


FND(X)  Bessel  approximation  routine 


i 

i 

I 

I 

s 


l!;:i  IJ  IM  Fifi:  50  1 

0^1  F'  F:  I  l-n"  "  E  L  E:  C  ]'  J  i  1 : '  H  i  -  RING  E  ~  H  E  H  R  3  -■  K  H  H  I  F;  4  --  r<  N  !■ :!  E  N  0  IF ' 

30  PRINT 

40  .DIN  CC  1.0  I 

50  Z3=0 

60  INPUT  K5 

65  PRINT  K5 

70  IF  K5=l  THEN  tlO 

30  IF  K5=2  THEN  130 

90  IF  K5=3  THEN  150 

100  IF  K5=4  THEN  170 

1  1  0  R  E  3  T  U  F!  L  3  O  7  0 

120  GOTO  ISO 

130  RESTORE  3180 

140  GOTO  130 

150  RESTORE  3130 

160  OOTO  130 

170  RESTORE  3168 

180  DIN  Z[  10]^XC  161  R[  161  ] 

190  READ  fl:f 

200  READ  Rl)R2jLFv'2jyijFljF2jL4!.R4  5  I7jP5 

210  REA  D  R  0  !>  0 1  j  C  2  j  M !'  H  ’  N 1  j  M  2 »  N  3  ?  K 1 

220  PRINT  "IMP  EAR  VOL  0  FREE  SPACE  1  ” 

230  PRINT  "  " 

240  DISP  "IMF  ERR  VOL  0  FREE  SPACE  I"! 

250  INPUT  K3 

255  PRINT  K3 

260  IF  K3=0  THEN  398 

270  RESTORE  2910 

230  FOR  1=1  TO  45 

290  READ  N 

300  K9=10*N+1 

310  READ  RIK9] 

320  NEXT  I 
330  FOR  1=1  TO  45 
3  4  0  READ  R 
3  5  0  K  9  =  10*  X  + 1 
360  READ  RC  K9 ] 

370  NEXT  I 
330  N3=l 

3  9  0  L  1  =  (  R  0  *  L  4  ( P  I  *  R  4 1 2 )  +  2  *  R  0  ■■■  ’  T  4  *  R  4 )  ) 

4  0  0  A  5  =  (  L  0  G  (.  F:  2  ■  R  1  >  /  L 

410  i:!=a'12t0. 5>/(2*H> 

420  G1=FNG0 

430  DEF  FNG<Z3> 

440  REM  PLOTTING  AND  LABELING  ROUTINE 
450  P1=LGT(F1> 

460  P2  =  LGT<F2::' 

470  X1=P1 
430  X2=P2 
490  X3='::X2--X1  >/10 

500  PRINT  "PLOT  1--0,  PRINT  1/0.AVG1/0" 

510  PRINT 

520  DISP  "PLOT  1.-0,  PRINT  1/0jHVG  l  -'O"; 

530  INPUT  Z0?Z1,Z5 
535  PRINT  Z0<Z1,Z5 
540  PRINT  "PARAMETERS  FOR  " ; AT 
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5‘=i0  PRINT  "HORN  [rn-HT  F'RDlUp.  :  ^Rir'CM" 

5b0  PRINT  "HORN  OUTPUT  RhDIUP  L'^'*Rpj"CM" 

570  PRINT  "HORN  LENGTH  IS"?l:  LN 

580  PRINT  "CELL  VOLUME  I3"5V1'  PUEIC  CM" 

600  PRINT  "EhR  volume  i S " ? VE ?  'CUB I C  CM" 

604  IF  K3=0  THEN  610 

605  PRINT  "DISTRNCE  FROM  MOUTH  OF  HORN  IS  1  METER' 
610  RRINT  "OPTICRL  POMER  INPUT  1 3 " ? P5 ? " M I LL I NRTTS " 
620  PRINT  "EOLIRLIZER  TUBE  LENGTH  I S "  5  L4 " RND  RRBIUS 
630  IF  Z0=0  THEN  1240 

6  4  0  P  PINT  "  Y  M I N ,  'T  M  R  X  ,  I N  C  R  M .  =  ' 

650  PRINT 

660  n I SP  " YM I N 1 YMRX  j I NCRM . " ; 

670  INPUT  V1,Y2^Y3 

6  ci  0  P  PINT  Y 1 )  Y  2  j  Y  3 

690  PRINT  .  .'y'ES  1  NO  0“ 

700  PRINT 

710  DI3P  "  fix  I  S'"'.  ..  YES  1  NO  O"? 

720  INPUT  22 
{'  3  0  I  —  X  2  “  X 1  2  7 

740  J=(Y2-Y1)/17 
750  Y5=Y1-2*J 

7  6  0  Y  6  —  Y  2 + ■  J 

7  7  0  S  U  R  L  E  X 1  ~  2  *  I  j  X  2  ■+•  I  •>  Y  5  ?  Y  6 

780  IF  22=0  THEN  1240 

7  '9  0  P  L  0  T  X  2  j  Y 1 

800  PLOT  XIjYI 

810  PLOT  X1jY2j-1 

820  U=Y1 

830  V=Y2 

840  T=Y3 

850  Z=FNL0 

860  U=X1 

870  V=X2 

880  T=X3 

890  Z=FNL1 

900  X3=I 

910  Y3=J 

920  Z=FNK0 

'9  3  0  L  fi  B  E  L  ( *  ?  3  j  1  ’  0  ?  2  3 ) 

940  GOTO  1240 
950  FORMAT  2F7,1 
960  RETURN  0 
970  DEF  FNLc;z:> 

980  X=RBSIJ 
990  Y=RBS'V 

1 0  0  01  P  =  I N  T  L  ij  T  X  +  (. '( —  X )  Y'  7  XI  ' 

1010  P0  =  (P<-1  OR  p>2::' 

1 020  LABEL  )  1 . 5  j  2  j  Z*ATN  1  E+'9'9  ?  2  '3  ) 

1030  IF  Z=1  THEN  1100 

1040  FOR  K=U  TO  'V  STEP  T 

1050  PLuT  XI*  NuT  Z+K+ZjK*  NUT  Z+Y1*Zj  1 

1060  CPLOT  -7. 3^-0. 3 

1070  LABEL  (950>K/':'  NOT  P0+Pe*  1  OtP ) "  - "  ? 

1080  NEXT  K 
1090  GOTO  1180 
1100  FOR  K=U  TO  V 


I  S  "  !  R4  ? 


STEP  T 


1 

Appendix  D  continued. 

1  Si 

1110 

PLOT  21*  HOT  2  rlO'!"  Z-r';l*Z.l 

1 

1 120 

CPLOT  --7„  3‘>  -0. 

1 

■ 

1 1  30 

K5  =  l< 

1140 

K=1 0tK 

1  1  50 

L  H  6  £  L  i:  ;3  5  0  >  K  ■  r  •!  i  J  T  p  0  +  P  0  -r  :  i-'  i  r  P  j "  -  ‘  ‘  ; 

1  130 

K  =  K5 

1 1  r'0 

HE  X  T  K 

m 

_ 

1180 

IF  P0=0  THEM  1200 

1. 

1  190 

LhBEL  <*>"  Xi0r"p; 

m 

1200 

RETURN  0 

1210 

riEF  FNK(Z.:‘ 

A 

> 

1220 

P  L  0  r  iX  2  +  !'X  -3  '  'i'  2  3  ?  i 

}: 

■>; 

1230 

RETURN  0 

1240 

REM  PHOTOPHONE  CfiLCULflT  I 'IN :  BIG  LOOP 

1250 

P0  =  1  .  Li  1  3E  +  06 

1 

•1  260 

IF  Z5=0  THEN  1290 

5 

1270 

D4  =  50 

1280 

GOTO  1300 

fl 

1290 

114=150 

1 

K 

1  300 

F  U  R.  F  j  -  F  1  1  U  P  o  !  E  F  F  -■  P  1  . '  •  il  4 

a 

1  >:  1 0 

F3=10tF5 

1320 

N=2*PI*F3 

c 

K 

1  330 

K=N/C1 

¥* 

'V 

1340 

IF  <Kt2-fi5t2;>  0  then  2478 

1350 

N  =  SQR':  KT2-R5t2  ' 

1 360 

R  S  “ 

• 

1370 

I6=-N*L1 

1 

B 

1380 

R  7 = 01 

1 390 

17=17  , 

1400 

R.  3  =  01 

(1  ^ 

;•%'• 

1410 

I3  =  M*P0/(N*V1  :• 

•  w 

1420 

IF  K3=l  THEN  1460 

1430 

R'9=0 

1 

1 

1440 

I9=M*P0/(N*V£> 

■ 

I 

1450 

G  Cl  T  0  151 0 

1460 

X  4  =  2  *  K  *  R  2 

*.  w 

1470 

Xl  =  INT<X4*10:i.  10 

> 

1480 

G1=FNR0 

> 

1 490 

R  9  =  R  0  0  1  PI  ^  F'  2  f  2  ,  +  R  [  L  9  ] 

1  500 

I  9  =  “  R  01  *  L  1  ■  2  *  P  I  *  R  2  'T  2  ■'  * 1  [  X  9  J 

1510 

E 1  =  S  Q  R  (  2  *  PI  5  ■  L  ■'  -f  1  2  *  N  *  L  4  2  -  R  5  +  K  4  2  -  2  Q  *  R  5  *  ( 

R5*N~R5 42-2*41 4  2)  > 

.■■■•  4  R5*  4  F 

1  . 

1520 

R  5  =  2  *  H  *  '•’  R  5  *  C  1  I'  4  —  01 . 5 ) 

1530 

n  9  =  F:  5  /  R 1  +  4  9  +  f  pT  2 ,  R  5 ■  K  >  4  0 . 5  *  4  K 1 2  -  R  5 1 2  *  Q  >  ■■■■■ 

4  K  4  2  +  3  *  N  4  2  ) 

1540 

R  =  0 

1550 

B = W  *  R  0  ■■■'  PI*  F.’  1  f  2 

> 

1560 

C  =  -R5 

1570 

ri  =  N 

1530 

Gl=FNri0i 

i? 

1590 

H  =  ri5 

H"4 

1  6  0  0 

B=ri6 

1610 

C  =  RS 

r." 

1620 

ri=i3 

1630 

Gl=FND0i 

1640 

CC  5  ]=ri5 

1 650 

CC  6  ]  =  ri6 

*• 

1 6  6  01 

fl  =  R  6 

A 

*• 

1670 

B=I6 

1680 

C;  =  R3 

m 

i 

1690 

ri=i3 

”V  V 


Appendix  D  continued 


1  700 
1710 
1720 
1730 
1740 
1  750 
1760 
1770 
1730 
1  790 
1 300 
1310 
1820 
1330 
1840 
1350 
1360 
1370 
1330 
1390 
1900 
1910 
1920 
1 930 
1940 
1950 
I960 
1970 
1  930 
1990 
2000 
2010 
2020 
2030 
2040 
2050 


Gl=FNIi0 

I..'  1.  1  J  =  1  +  D  5 + ij  [.  5  j 
C[  2  ]  =  ri6  +  CL  6  J 
14  =  0 

B  =  W*R0.  -  (PI  sRBT-G') 

C  = . H5 

Ei  =  -H 
G1=I-HD0 
fl=ri5 
B  =  ri6 
C  =  P  9 
ri=i9 
iGl=FHi;i0 
C[7]  =  D5 
CC  8  ]  =  ri6 
fl  =  R7 
3=17 
C  =  R9 
ri=I9 
Gl=FHri0 

C[  3  ]  =  C[  7  ]-Ii5-l 
C[  4  ]=i::c  8  :]-:d6 
fl  =  i;:[  1  ] 

B  =  i::C  2  ] 

C  =  C[ 3  ] 

D  =  CC  4  ] 

G1=FNM0 

REM"i::flLC  MRGHITiJDE  AND  PHASE  OF  G(K;' 
M7=(M5t2  +  M6t2>  ''O.  5 
fl  =  M5 
B  =  M6 
G1=FHP0 

R3=(3*Vl/4/Pr-r'(  1/3) 

T1=N*R342/15/N1 

E=(15*N*Tl/2>t0.5 

F=-E 


1 

2060 

A  =  E  X  P  ( 2  *  E )  *  C  0  S  ( 2 + F  >  + 1 

1 

2070 

B  =  EXP(2*E)*SIH'',2*F> 

2030 

L-  ”  H  P  E  *  1..'  LI  L'  *  .  cg!  ^  F  . '  1 

! 

2090 

D  =  EXF(2*E>*SIN':2*F::' 

1 

2100 

G1=FHD0 

1 

2110 

A  =  Ii5 

<  S 

2120 

B  =  ri6 

r 

•1!'  i  i74 

iL.  1  rj 

C  =  E 

£ 

2140 

ri=F 

2150 

Gl=FHr'10 

1  ^ 

2160 

A=h5-1 

1 

2170 

B  =  t'l6 

t  iV 

2130 

C  =  E 

2190 

ri  =  F 

2200 

Gl=FNri0 

> 

2210 

A  =  D5 

S  LV 

2220 

E  =  D6 

1  ^ 

2230 

i::  =  E 

i 

2240 

D  =  F 

J 

2250 

Gl=FHri0 

5 

2260 

N5  =  (  l-3*ri5.:'  -:-;*rih 

2270 

N7=N5t2 

2230 

fi  9  “  1 77  E F' Ii  i_  LI  L*  2 

Appendix  D  continued. 


H  J  =  K.  1  ri  '3  +  3' »  :  L  4  R:  1  -r  4  R  3.  r  3; 

H  b  =  H  5  4  H ■'  (  I.  “•  i:] !  ’  f  ■'  ■ !  -  3:!  +  D ‘  ' 

I  5  -  1  0 *  L  G  T*::  ' ' ; ;  3; i -i  ^  3  ^  M  - 1  : >  i-  2  ( 3  - 
IF  Z5  =  0  THE!H  3':; '30 

SI  =  104LGT' Ho  :  t-  .5 

G  LI  T  0  2  3  6  0 

3'  1  =  1  0  4  L  G  T  '■  H  '"j  ■  i-  1.  4 

IF  k3=0  then  2430 

P  9  0 . 00024  1  i  i  I-  >  '3  i  .  2  0  ■' 

IF  R9=0  HHD  19=0  THEN  2410 

I  j  0  ^  p  9  ..■■■  (  R  0  4  f:  1  p  1  4  p  2 1 2  > 

GOTO  2420 
U  0  =  0 
24=100 

p  b  =  K  4  P  9  4  R  2  T  2  ■  ' ''  2  4  2  'i''  0 , 54  24' 

IF  P6=0  THEN  2470 
1  =  1  0  4  L  G  T  '■  (  P  b  t  2  ■■■’  (  0 »  0002)  1 2 )  ) 
GOTO  2400 
3i=-lE+95 
IF  Z1=0  THEN  2500 
PRINT  FT. 31 
IF  Z0=0  THEN  2520 
PLOT  F5'Sl<-2 
HE NT  F5 
PEN 
END 

DEF  FNM'IZS) 

REN  COMPLEX  MOLT  fl  + JE  )  4  (  C  i-.. 

N5  =  R4i:>B4D 

Mb=B'*C+R4D 

RETURN  0 

DEF  FNPLZS) 

REN  PH  PISE  OF  H-.JE: 

IF  H  >=  0  THEN  2650 
P7  =  flTN'::E/fi)+PI 
RETURN  0 
P  7  =  fl  T  N  L  B  R ) 

RETURN  0 
DEF  FNDCZS) 

R  E  N  C  0  N  P  L  E  X  D I  R  +  J  E  >  /  ( C  +  J  E 

IF  i::  =  0  RND  11= 0  THEN  2730 
D  5  =  R  4  C  +  B  4  n  > ,  <  C  T  2  4  D  P  2 ) 

D  6  =  'I  B  4  C  -  R  4  D ) .  i;  T-  2  +  D 1 2  > 

G  U  T I J  2  r‘  4  0 


f'i  - 1  :> 


2700 
2710 
2720 
2730 
2740 
2910 
2920 
:930 
7940 
7950 
;960 
7970 
7980 
79  9  0 
:I000 
;!010 
5020 
5030 
5040 


'N.-K:;.t24<EXP 


!  1  I'  4  E  1  *  N  I'  ■ ' 


I  p  j  4  F'  01  j 't'  2 .)  4  ( p  5  4  1  0i  P  4  )  t'  2 )'  ■  ■■  '■  2  b  ~  0  4  . ' 


R  +  JE) 


^■JD>=N5+JM6 


' .  R  4  -J  E'  L-  4  U  E* )  =  D  5  4  -J  Di  6 


D5=D6=0 
RETURN  0 

DRTR  0  J  0  )  0 . 2  !■  0  ,,  0847  ?  0 . 4  i  0 .  1 68?  0 . 6  j  0 . 2486  j  0 . 8  ?  0  □  3253  ?  1  ?  0 . 3969  ?  1 . 2  i  0 . 4fc.24 
D  R  T  R  1 . 4 1  tl .  5  2  (3  ’  1  .  t'  ?  U  .  5  7 1  3i  ?  1 . 8  ?  01 . 6 1  3  4  ?  2  j  01 . 6i  4  iS  8  ?  2 . 2  j  U .  6  7  1  1  ?  2 , 4 1  01 »  6  8  6  2 
DRTR  2 «  t"  !•  0 . 6  9  2  Ij  '*  2  ,i  8  i  IJ  .  6  9  Li  8 1  8  ?  01  •  6  8 1  8 . 2  ?  01 »  6  6  2  -S  ?  -3  ■  4  ?  01  ■  6  -3  8 1  i*  8  •  6  ?  0i  ■  6  0i  '3  1 
DRTR  3 . 8 1 0 . 5733 i 4  ?  0 . 5349  j  4 , 5  ?  0 . 4293  j  5 ?  0 . 3232  j  5 . 5  ?  0 , 2299 i 6  ?  0 . 1 594 
DRTR  6 . 5 1>  0 .  1  1 59 1  7 1  0 . 0989 "  7 , 5 ?  0 .  1 036  >  8  j  0 .  1 2 1 9  j  8 . 5 ?  0 ,  1 457  j  9  ?  0 .  1 663 
DRTR  9 . 5  J  01 »  1  i’  '3  2  ?  1  Li  i  01 .  1784:'  1  0i ,  5  ?  01 .  1668?  1 1  ?  01  u  1464?  1  1 . 5  ?  0i .  1  2 1  6  ?  1  2  ?  0i .  0i  9  i  3 
DRTR  1 2 . 5  ?  01  ■  01 7  79?  1  8  ?  0i  •  0i  6  6  2  ?  1  8  ■  5  ?  0i  •  01 6  8  1  ?  1 4  ?  0i »  0i  6  7  6  ?  14.5?  0i  ■  0i  i'  >'  ?  15?  0i  ■  8  8 
DRTR  1 5 . 5  ?  0 . 0973  ? 1 6  ?  0 . 1 02 1 

DRTR  0  ?  0  ?  0 . 2  ?  0 . 005  ?  0.4?  0 . 0 1 98  ?  0 . 6  ?  0 . 0443  ?  0 . 3  ?  0 . 0779  ? 1 ?  0 .  1 1 99  ? 1 , 2  ?  0 . 1 695 
DRTR  1 . 4  ?  01 . 2  2  5  7  ?  1 . 6  ?  01 , 2  8  7  8  ’  1 , 8  ?  0i .  8 5  8  9  ?  2  ?  0i .  4  2 13  8  ?  2 . 2  ?  0i .  4946?  2 . 4  ?  0i .  5665 
DRTR  2. 6?  0, 6378?  2. 8?  0. 7073?  3?  0.  774?  3. 2?  0. 8367?  3. 4?  0. 8946?  3. 6?  0. 947 
DRTR  >1 . 8  ?  01 .  '3  9 13  2  ?  4  ?  1  .  0i  3  3  ?  4 . 5  ?  1  .  1 0i  2  7  ?  5  ?  1 .  1  -3  1  ?  5' .  5  ?  1  •  1  2  4  2  ?  6  ?  1  •  0  922 
DRTR  6,5? 1 . 0473  ?  7  ? 1 . 00 1 3  ?  7 , 5  ?  0 . 9639  ?  8  ?  0 ,941 3  ?  3 . 5  ?  0 , 9357  ?  9  ?  0 , 9455 
DRTR  9. 5?  0, 9661 ? 10?  0. 9913? 10. 5? 1 . 015? 11? 1 . 0321 ? 1 1 . 5? 1 . 0397 ? 12? 1 . 0372 


Appendix  D  continued. 


3050 

DATA  12. 

'  1.  ..  .1 ,1 1;.  ‘"j  j  1  -.3 1  1 . 0  1  o  ’  1  3 . 5  ’  0 .  '3 '?  4  4 1  1 4  ?  0  .  S  S'  O  '3  ?  1  4 . 5  ’  0  .  '3  7  3 

3060 

D  A  i  A  1  ';i  ’ 

i  .2:1 1’  15. 5  1  0  .  ‘3  1  'S4  1  1  6  J  0  .  ‘3337 

3070 

DATA  "AIR 

H 1  ,.i  R:  !'-  l  H  H  R!  R  I S.  R  I I  S’' 

3  0  iS  0 

DATA  0.0 

cr 

J 

'4  ■'  1  'j  1'  6  1  3'  E 0  4 1  1  '0  k!-  C'  1  .I-  0  0  0 1  20  1  0  .  ij  2  ^  0  1  l3 

30 '30 

DATA  1.2 

j  tS  "■  0  .  4  0  E  +  0  4 1  1  „  U  3  b  E  +  0  7 1  1.4  0  3 0 . 5  6  5  i  0 .  2  3  4 ' 0  .  1  4  iS 

3  1  0  0 

DATA  "Hi 

R 

HORN  HARRIS  HEAR" 

3  1  1  0 

DATA  0.0 

;i  0  .  i  7  0 1  6 1  2 . 5  E  -  0  3 1  2  5  0 1  4  0  0  0 1  1  .3  ?  0 0  2  1  0 1  2 . 3 

3120 

DATA  1.2 

•j 

J  E  ■  0  3 .  4  0  >1 L  +  0  4  5  1 . 0  0  b  E  +  0  7 1  1.4  0  2  i  0 . 5  6  5  ?  Ij  „  2  '3  c'  4  ?  O  .  1  4 1, 

3130 

DAI  A  "AIR.' 

DATA  K-N" 

3140 

DATA  0,0 

i  1  0  .  .15  1  85  J  6 1  2 .  '"'E  --03 1  253 1  48001  1  „  3 1  0 . 02  j  O  i  2 . 8 

3150 

DATA  1,2 

wz! 

J  L  ■“  0  1  -.3  ..  4  0  -8  L  +  0  4  1  1 . 0  0  6  E  +  0  7  1  1.4  0  8>  1  S1 , 5'  S-  2 . 0  i-!  4  .1  0  .  1  4  R. 

3160 

DATA  "2E 

N 

JN  da  rp  K~N"  "  ”  ”  "  '  '  "  . " 

3170 

DATA  0.0 

2 

4  1  1 . 2 1 '  1  5  6 1  6 1  6  E “ 0  4 1 25  0 1 4  0  0  0  5  2 .  1 1 0 . 0  2 1 0  ?  2 . 3 

3130 

DATA  5,3 

'3 

^  R.  ■ tl  3  '•  ![  ,  7  S'  '3  E  +  0  4 1  1 . 5  3  2  E  +  0  6 1  1 . 6  6  7 1  0 , 8  7  5'  1  0  .  1 0  ‘3  S5  4  .  16  2 

3  1  3  0 

DEF  FNR< 

*1  j 

3200 

X  =  1 

3210 

T=IHT( 10 

0 

*X.,'  ■■  100-1 NTX 

3  2  2  0 

IF  X  7  = 

4 

THEN  3400 

S  2  S  0 

IF  T  >  = 

0 

AND  T<e„l  THEN  3300 

3240 

IF  T  ;>  = 

0 

.  1  AMD  T<0.3  THEN  3320 

2: 2  5  0 

IF  T  >  = 

0 

.3  AND  T70.5  THEN  3340 

:3  2  6  0 

IF  T  >  = 

0 

.5  AND  T<0,7  THEN  3360 

3  270 

IF  T  ■>  = 

0 

.7  AND  TTO.A  THEN  3338 

3230 

X=INTX+1 

32'30 

GOTO  3440 

3300 

X=INTX 

3310 

GOTO  3440 

'320  n:=IHTK  +  0.2 
:330  GOTO  3440 
;340  :^  =  INT2  +  0.4 
'350  GOTO  3440 
'300 
i370 
;380 
;3'30 
:400 


410 
:420 
.430 
:440 
:450 
■  4  0  0 
:470 
;430 


7=IHT7:f0. 0 
GOTO  3440 
N=IHTX+0. 3 
Ij  0  T  U  3  4  4  0 

IF  T  0  HND  7,  0,25  THEN  3300 
IF  T  0.25  HMD  r<0.75  THEN  3438 
GOTO  3230 
/•:=IHTX  +  0. 5 

K'3=10+IHT':  10^7;  10+1 

IF  K'3>101  THEN  3470 
GOTO  3430 

PRINT  "2Kfi  IS  GPEfiTER  THHN  lb!" 

RETURN  0 

EXAMPLE  OF  PRINTED  OUTPUT 


SELECT  IiflTfl  1-RlNG  2-HEFlR  3-KN  flIR  4-KN  XENON 


I  rip  EAR  VOL  0  FREE  SPACE  1 
0 

PLOT  I,' 01  PRINT  1.0iAVGl/0 

0  0  1 
PARAMETER'S  FOR  AIR  HORN  HARRIS  HEAR 
HORN  INPUT  RADIUS  IS  0.032  CM 
HORN  OUTPUT  RADIUS  [S  0.77  CM 
HORN  LENGTH  IS  70  CM 
CELL  VOLUME  IS  2„50000E~03  CUBIC  CM 

EAR  VOLUME  IS  b  CUBIC  CM 
OPTICAL  POWER  INPUT  IS  2.3  MILLIWATTS 
EQUALIZER  TUBE  LENGTH  IS  1.3  AND  RADIUS  IS  0.02  CM 


D-6 


APPENDIX  D 


3 


a 


HEAR  AND  RING  HORN  COMPUTER  PROGRAM  VARIABLES  SET 


In  order  of  Appearance: 


A$(50) 

C(10) 

Z3 

K5 

X(161) 

R(161) 

R1 

R2 

L 

V2 

VI 

FI 

F2 

L4 

R4 

17 

P5 

K9 

n 

A5 

Q 

GI (Z3) 

FNG 

Po 

Z5 

D4 

PI,  2 

F5 

F3 

W 

K 

N 

Re, 7, 8, 9 

16,7,8,9 

XI 

FNR0 

El 

R5 

D9 

AtjB 

CtjD 

FND0 

FNM0 

D5  +  jD6 

M5  +  jM6 

M7 

FNP0 

P7 

R3 

T1 

E  +  JF 
N5 


Dimension  of  alphanumeric  in  DATA  statements 
Dimension  of  scratph  pad  variables 
Plotting  Routine  Variable 
User  Input  for  DATA  selection 

Dimension  of  complex  impedance  of  circular  piston  DATA 

Dimension  of  real  impedance  of  circular  piston  DATA 

horn  input  radius,  Rj  (cm) 

horn  output  radius,  K2  (cm) 

horn  length,  L  (cm) 

ear  volume,  Vc  (cc) 

cell  volume,  Vq  (cc) 

plotting  f  min  (Hz) 

plotting  f  max  (Hz) 


length  of  input  equalizer  tube, 
radius  of  input  equalizer  tube 


(cm) 

(cm) 

(gm/sec-cm^) 


complex  part  ouput  equlization  (gm/sec-cm^) 

optical  power  input  (ergs/sec) 

READ  variable  (2KR)  for  X(161)  +  R  (161) 

inertance  of  input  equalizer 

flare  constant 

q,  a  gas  constant 

Define  function  calling  variable 

plotting  routine 

Atmosphere  pressure  (dyne/cm2) 

Average  or  peak  plotting  variable 
plotting  step  variable 
log  F1,F2 

log  frequency  variable 

linear  frequency  variable  (Hz) 

linear  angular  frequency,  (rad/sec) 

acoustic  wave  propagation  constant,  (rad/m) 

complex  part  of  lossless  propogation  solution,  n 

Real  +  Imaginary  part  of  impedance  for  input  equalizer,  output  equalizer, 
cell  volume,  output  load  (ear  volume  or  free  space) 

Operating  argument  for  piston  reactance  function  data 
Piston  reactance  data  handling  subroutine 

S 

radius  of  boundary  layer  approximation,  ro 

A 

complex  number  (dividend)  routine. 

complex  number  (divisor)  for  dividing  &  multiplying  routine, 
complex  number  dividing  subroutine 
complex  number  multiplying  subroutine 
returned  complex  number  from  complex  dividing  subroutine 
returned  complex  number  from  complex  multiplying  subroutine 
lg(k)12 

phase  of  g(k)  computation  subroutine 
Phase  of  g(k) 

radius  of  sphere  volume,  V^ 

Thermal  relaxation  time  constant  for  volume  Vc 

f 

Gw 


<Hy> 

Intensity,  I 
SPL  (dB) 

pressure  at  output  of  horn  (dynes/cm^) , 
volume  flow  of  piston  output  -  Do 
measurement  distance  from  months  of  horn  (metres) 
pressure  P  (100),  pressure  at  1  meter  normal  to  source 
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The  photophone— an  optical  telephone  receiver 

D.  A.  Kleinman  and  D.  F.  Nelson 

Beit  Luburatonez.  Murray  iltit.  Jer\ey  079T4 
(Receive*!  15  December  1975,  revised  28  February  1976) 

A  theoretical  discussion  is  given  of  optical  telephone  receivers  employing  the  optoacbustic  efTect.  which  are 
here  called  photophones,  for  use  in  an  optical-fiber  telephone  subsenber  loop.  The  basic  receiver  consists  of 
an  absorption  cell,  a  rcsponse-equaliring  device  such  as  a  gas  column  or  diaphragm,  a  tapered  acoustic  tube 
acting  as  a  transformer,  and  in  earpiece  similar  to  a  conventional  telephone  earpiece  including  a  response- 
equalizing  device.  These  piiotophones  are  designed  to  give  a  flat  (i-dBI  response  to  intensity  modulated 
light  over  the  telephone  voice  band  300-J3(X)  Hz.  The  optoacoustic  elTect  is  treated  on  the  basis  of  a 
pseudo-gas  model  for  solid  absorbers  in  the  form  of  a  fine  mesh  disbusrsed  in  a  gas.  We  find  that  the 
sensitivity  (the  optical  power  modulation  required  to  produce  a  sound  pressure  level  SPL  =  81  dB  in  a 
closed  volume  of  6  cm  .  reprcventing  the  earpiece  pressed  against  the  ear)  is  2.8  and  0.9  mW  for  the  air- 
filled  and  senon-filled  phoiophones.  respectively. 

Subject  Classification:  |4.3|S5  ''0.1431  85.40.(43185  60.(43135.65. 


LIST  OF  SYMBOLS 


a 

A 

b 


c 


C 

C,.  C, 


Cji,  • .  • ,  Cjj 

d 

E 

fj 

h{k) 

1 

k 

I 

L 


m.,n 

P 

Po 

P.P^.Pa 

<7 

U 

r{x),  r^,  r, 
R 


s 


S 

t 


radius  (cell,  gas  column,  tubes,  dia¬ 
phragm) 
area 

length  (gas  column,  tubes);  radius  of  load 
ring 

sound  speed 

as  subscript  denotes  cell 
specific  heats  at  constant  pressure,  con¬ 
stant  volume 
matrix  (C],  see  Eq.  (3) 
sec  Eq.  (38) 

as  subscript  denotes  earpiece 
frequency  (Hz);  resonant  frequency 
see  Eq.  (19) 

see  Eqs.  (38),  (55),  (54) 
see  Eq.  (19) 

response  function,  see  Eq.  (8) 
smoothed  response  function,  see  Eq.  (31) 
sound  intensity,  see  Eq.  (5) 

=  u/c 

length  (acoustic  tube,  port) 
inertance  (g  cm"^),  see  Appendix  A 
see  Eqs.  (B19) 
pressure  (dyn  cm"*) 

=  1,013x10*  (dyn  cm"*)  atm  pressure 
optical  power  (erg  sec"'),  see  Eq.  (1) 

=  p‘'*/2v' 
see  Eq.  (B18) 
see  Eq.  (B16) 
resistance  (g  sec"'  cm"*) 
flow  (cm*  sec"') 

sound  flow  source,  see  Eq.  (37) 
entropy 

time,  thickness 


r 

u,v 

V 

ut 

to 

X 

X 

y 

Yix) 

Z 

^0 


Zi,Zz 

Z{x) 

z 

a 

0 


y 

y 

A 

7? 

K 

it- 

V 

« 

P 

T 

<P 

* 

X 

<J> 


absolute  temperature  (K),  transformer 
Tjj  transformer  matrix,  see  Eq.  (B9) 
see  Eqs.  (B7) 
volume  (cm*) 

as  subscript  denotes  cell  wall 
wall  reflectivity 
distance  along  tube 
reactance  (g  sec"'  cm"*) 
see  Eq.  (50) 

distributed  admittance  (cm*  sec  g"') 

=  p/s  impedance  (g  sec"*  cm"*) 
characteristic  impedance  of  tube,  see  Eq. 
(BIO) 

characteristic  impedances,  see  Eq.  (20) 
distributed  impedance  (g  sec"'  cm"*) 
impedance 

exponential  taper,  see  Eq.  (B16) 
optical  absorption  coefficient;  acoustic 
propagation  constant 
=  cyc.  (vo  refers  to  air) 

Kirchhoff's  constant  Eq.  (B15) 
see  Eq.  (B22) 

viscosity  coefficient  (dyn  sec  cm"*) 
thermal  conductivity  (erg  sec"'  cm"'  Tv"'/ 
=  T)/p  (cm*  sec"*) 

=  Yx/pCp  (cm*  sec"*) 
see  Eq.  (B21) 
density  (g  cm"*) 
relaxation  time  (sec) 

=/// 

see  Eq.  (28) 
see  Eq.  (44) 
see  Eq.  (28) 

=  Znf  angular  frequency  (rad  sec"*) 


INTRODUCTION 

An  optical  telephone  capable  of  performing  the  nor¬ 
mal  functions  of  Iransinitting,  receiving,  dialing,  and 
ringing,  using  only  [x/wer  supplied  through  optical  fi¬ 
bers  from  Ihe  central  office,  would  be  useful  in  order 
to  reduce  the  use  of  copper  wires  ui  the  tel''phonc  sub¬ 


scriber  loop.  This  paper  is  concerned  with  onlv  one  of 
these  functions,  receiving,  and  with  only  one  tyjn-  of 
optical  receiver  which  wc  call  tfie  ithoiophni^-  -i  n.um 
originallv  aiined  by  Alc.vandcr  Grali.iin  Ib.li  in  Itiiil. 
Alttiough  old  in  concept,  fne  iilioiopfione  lias  m  v.-i  o.  i  ; 
developed  for  coniniunication  purposes,  and  Iheiii- n 
Itie  peiTormance  .ind  desigi  tt.L  oy  of  this  "nc'v  ,ii 
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had  to  bv  worked  out  troin  basic  pnnciplts,  and  are 
presented  here  for  the  first  time.  The  photophone  can 
be  equalized  to  give  a  flat  (within  3-dB)  frequency  re¬ 
sponse  to  pu.vcr-modulated  light  over  the  telephone 
band  300-3300  Hz.  It  can  provide  the  average  sound 
pressure  level  at  the  ear  of  81  dB  above  the  thresholo 
of  hearing  with  very  small  input  optical  powers  of  a  few 
milliwatts  or  less.  Recent  telephone  network  surveys* 
have  showm  that  the  sound  pressure  level  at  the  ear  has 
a  normal  distribution  with  an  average  of  81  dB  and  a 
standard  deviation  of  7. 8  dB. 

The  photophone  has  its  origins  in  experiments  of 
Alexander  Craliam  Bell*  in  collaboration  with  Sumner 
Tainter  on  the  production  of  sound  when  interrupted 
beams  of  suii  light  fall  upon  matter.  Beil  concluded 
that  "sonorousness”  under  such  circumstances  is  a  gen¬ 
eral  property  of  all  matter  whatever  its  physical  state: 
solid,  liquid,  or  gas.  He  also  succeeded  in  demon¬ 
strating  the  "articulating  photophone"  which  could  audi¬ 
bly  reproduce  words  and  sentences  spoken  into  his  light 
modulating  "photophonic  transmitter.  ”  The  greatest 
sonorousness  was  found  to  be  produced  by  dark-colored 
solids  in  a  loose,  porous,  spongy  condition,  in  particu¬ 
lar  lampblack.  Originally  the  term  "photophone”  meant 
Bell’s  whole  system  of  optical  telephony,  but  here  we 
shall  apply  it  just  to  receivers  employing  the  "sono¬ 
rousness”  effect  directly  to  produce  sound  (i.  e. ,  with¬ 
out  intermediate  electrical  means).  Bell  also  demon¬ 
strated  an  instrument  for  spectrum  analysis  in  which 
the  lampblack  photophone  was  substituted  for  the  eye¬ 
piece  of  a  prism  spectroscope.  This  device,  which  he 
said  was  particularly  suited  for  infrared  analysis,  he 
called  the  "spectrophone.  ” 

Today  the  "sonorousness"  of  matter  in  a  modulated 
beam  of  light  is  called  the  opIoacousUc  (or  photoacous¬ 
tic)  effect  and  is  widely  used  in  the  spectral  analysis  of 
gases,  vapors,  and  solids. .  The  modem  spectrophone* 
differs  from  Bell’s  in  that  the  gas  or  solid  to  be  ana¬ 
lyzed  is  the  working  substance  of  the  photophone  where¬ 
as  Bell  employed  lampblack  in  his  pholophone  and 
placed  the  gas  sample  in  a  separate  absorption  cell. 
Also,  the  sound  produced  in  the  photophone  is  detected 
by  a  microphone  and  electronically  amplified.  Recently 
Kreuzer*  has  estimated  that  fractional  concentrations 
as  low  as  10"  **  may  be  measurable  with  the  optoacous- 
tic  effect  when  higher-power  tunable  infrared  sources 
become  available.  Harshbarger  and  Robin*  have  ap¬ 
plied  the  spectrophone  to  the  study  of  several  phpto- 
chcmlcal  processes,  and  Rosencwaig'  has  reported 
spectrophone  studies  of  various  inorganic  and  organic 
solids  including  biological  materials. 

All  of  the  relaxation  mechanisms  which  transfer  en¬ 
ergy  from  the  excited  electronic  and  vibrational  states 
of  molecules  to  the  translational  motion  are  fast  com¬ 
pared  with  audio  frequencies.  Therefore  at  audio  fre¬ 
quencies  a  modulated  light  beam  is  equivalent  to  .>  mod¬ 
ulated  source  of  heat,  a  fact  fully  appreciated  by  Bell  at 
the  time  of  ins  early  experiments.  Obviously  a  modu- 
l.iled  hi’ut  source  can  be  obtained  by  means  other  than 
the  absoiption  of  light,  and  wo  mention  one  such  device 
here.  Arnold  and  Crandall’  have  discussed  a  device 


called  the  “ihcrmophone"  in  which  sound  is  produced 
when  a  modulated  cleciric  currenl  ts  passed  through  a 
thin  conducting  foil  or  wire.  They  proixssed  that  the 
acoustic  output  of  the  thermophone  can  be  calculated 
from  first  principles  to  high  accuracy  and  therefore  it 
could  be  used  as  a  precision  absolute  sound  source. 
Wenie*  has  performed  careful  measurements  on  the 
thermophone  and  obtained  close  agreement  with  theory. 

In  the  case  of  absorption  of  light  in  a  gas  the  mecha¬ 
nism  of  sound  production  is  clear  and  can  be  accurately 
calculated  from  first  principles  just  as  in  the  thermo¬ 
phone.  In  the  case  of  a  solid  absorber,  however,  more 
complicated  mechanisms  could  be  involved  including, 
as  suggested  by  Bell,  adsorption  and  desorption  of  gas 
in  the  solid.  Rosenewaig*  has  recently  concluded  from 
his  experiments  that  the  adsorbed  gas  plays  no  major 
role.  Fortunately  our  discussion  does  not  require  de¬ 
tailed  knowledge  of  the  mechanisms  involved,  and  we 
believe  it  applies  quite  well  to  both  gaseous  absorbers 
and  tenuous  solid  absorbers  disbursed  in  a  gas.  In  any 
case  the  acoustic  principles  presented  here  do  not  de¬ 
pend  on  the  absolute  strength  of  the  optoacoustic  effect. 

The  photophone  is  presented  descriptively  in  Sec.  I, 
which  explains  the  nature  and  function  of  all  of  the  es¬ 
sential  parts  and  outlines  the  analytical  theory  on  the 
basis  of  a  general  equivalent  circuit,  leading  to  the  def¬ 
inition  of  a  response  function.  The  presentation  be¬ 
comes  analytical  in  Sec.  II  whore  the  simplest  equiva¬ 
lent  circuit,  necessarily  somewhat  hypothetical,  is 
solved  and  optimized,  leading  to  calculations  of  the  re¬ 
sponse  as  a  function  of  frequency.  The  presentation 
will  become  technical  in  a  second  paper’  where  the  hy¬ 
pothetical  aspects  of  the  equivalent  circuit  are  removed 
in  favor  of  the  actual  properties  of  real  materials  and 
devices,  leading  to  realistic  calculations  of  the  re¬ 
sponse  and  specific  physical  designs.  The  optoacoustic 
effect  is  treated  in  Sec.  III.  The  main  text  is  sup¬ 
ported  by  four  appendixes  containing  resource  material 
essential  to  this  work.  A  summary  of  results  is  pre¬ 
sented  in  Sec.  IV. 

Our  purpose  in  this  discussion  and  that  of  the  second 
paper*  will  not  be  to  advocate  the  photophone,  but  only 
to  give  a  sound  technical  appraisal  of  Us  cap-ibilities. 

1.  GENERAL  DESCRIPTION  OF  THE  PHOTOPHONE 

The  basic  parts  of  the  photophone  receiver  are  shown 
in  Fig.  1.  The  input  signal  is  an  intensily  modulated 
light  beam  conducted  by  an  optical  fiber  into  the  absorp¬ 
tion  cell.  For  simplicity  the  fiber  is  shown  as  simply 
terminating  inside  the  cell.  This  will  result  is  signifi¬ 
cant  reflection  back  down  the  liber,  so  it  would  be  ad¬ 
vantageous  to  provide  an  optical  termination  lor  the  !i- 
ber  (not  shown)  to  reduce  this  reflection  to  a  minimum. 
The  light  is  absorbed  In  the  cell  either  by  a  spec  ial 
gaseous  absorber  or  by  a  special  solid  absorber  in 
thermal  contact  with  an  immersin;;  gas;  the  absiirber 
in  eillier  case  must  be  stronglv  ibsorbing  at  'he  w.e.e- 
l-ngth  of  lighl  l:oing  used.  Sound  is  produred  in  iln-  ei  il 
by  the  optoacoustic  effect  ami  passes  out  of  flu  n  i;  into 
the  small  end  of  a  tapered  acouslie  tube.  Tin-  e.qi  h.is 
a  verv  small  volume  of  tin'  order  c  n’  .e  i  ;;>•  ri  - 
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FIG.  1.  The  tranaformer-coupled  photophone  consisting  of 
the  absorption  ceil,  tapered  acoustic  tube,  and  earpiece.  Not 
shown  are  the  equalizers  at  the  input  and  output  of  the  tube. 


fore  a  very  high  acoustic  Impedance.  Between  the  cell 
and  the  tube  there  must  be  some  device  (not  shown)  pro¬ 
viding  acoustic  inertance  for  the  purpose  of  equalizing 
the  response  across  the  desired  band  300-3300  Hz.  As 
sound  is  transmitted  from  the  small  end  to  the  Urge 
end  of  the  tapered  acoustic  tube  it  undergoes  an  imped¬ 
ance  transformation  from  high  (i.  e. ,  high  pressure, 
low  flow)  to  low  impedance  (i.  e. ,  low  pressure,  high 
flow).  Thus  the  tube  acts  as  a  transformer.  Typical 
values  for  its  small  radius,  large  radius,  and  length 
are  0.04.  0.9,  and  6S  cm,  respectively.  The  tube 
could  De  coileo  or  foioed  so  as  to  fit  inside  the  handset. 

The  sound  is  delivered  to  the  earpiece  at  an  impedance 
close  to  that  of  the  volume  Vg  formed  when  the  earpiece 
is  pressed  against  the  ear.  The  earpiece  is  very  simi¬ 
lar  in  shape  and  size  lo  a  conventional  telephone  re¬ 
ceiver.  Since  it  is  customary  to  test  telephone  re¬ 
ceivers"  with  a  closed  volume  of  6  cm’,  we  adopt  the 
value  Vg  -6  cm*  throughout  the  present  work.  The  ear¬ 
piece  may  •.iclude  a  device  (not  shown)  to  provide 
acoustic  inertance  to  aid  in  frequency-response  equal¬ 
ization.  The  nature  ut  these  equalizers  will  be  thor¬ 
oughly  discussed  in  a  succeeding  paper.’  Tlic  cell  with 
equaliziT,  tapered  acoustic  tube,  and  earpiece  with 
equalizer  are  the  basic  parts  of  the  photophone.  This 
design  c.in  b*'  optimized  to  provide  the  desired  sound 
level  in  the  earpiece  equalized  across  the  i).ind- with  the 
mlninniin  optical  |Xiwer  input  to  the  cell.  At  the  cost 
of  considfi  .ibly  incfe.ised  optical  po  ver  the  cell  and 
oarpiei  e  (  .in  bo  directly  coupled  inste.id  of  coupled 
llirougb  .1  1 1  inslornier;  vee  shall  refer  to  this  case  as 
Ibt  dirt  i  l -I  'll, (I  (DC)  pholi'ptione  .md  the  cas.’  shown 
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in  Fig.  1  as  the  transformer-coupled  (TC)  photophone. 
The  DC  photophone  will  he  discussed  in  the  succeeding 
paper.*  It  allows  a  useful  comparison  with  the  TC 
photophone. 

The  equivalent  circuit  of  the  TC  photophone  is  shown 
in  Fig.  2.  The  optoacoustic  effect  is  equivalent  lo  a 
current  generator  in  parallel  with  the  acoustic  im¬ 
pedance  ic  of  the  cell.  Acoustic  impedances  needed  in 
this  paper  are  summarized  in  Appendix  A.  The  quan¬ 
tities  p  and  s  in  Fig.  2  are  complex  amplitudes  for  sig¬ 
nals  of  pressure  and  flow  having  the  time  dependence 

instantaneous  optical  power  delivered  to  the 

cell  is 

P(f)  =  P,+ Re(P„c'‘“‘)  ,  (1) 

where  P,  is  the  average  power  and  is  the  complex 
amplitude  at  angular  frequency  m  =  2)i/.  tVe  call  I I 
the  power  modulation.  Equation  (1)  is  the  model  for  the 
definition  of  all  signal  quantities  in  this  paper.  The 
sound  source  Sg  is  proportional  to  P^  according  to  Eq. 
(37).  The  tapered  acotistic  tube  is  shown  as  a  step- 
down  transformer,  but  it  is  not  an  ideal  transformer. 

In  particular  it  is  lossy  due  to  thermoviscous  damping 
(TVD)  in  the  small  end  of  the  tube.  Acoustic  trans¬ 
formers  are  summarized  in  Appendtx  B.  At  this  point 
we  treat  it  as  an  unspecified  two-port  network  repre¬ 
sented  by  a  matrix  [T]  in  the  equations 


t  (2) 

*1  *  ^ttPx*  • 


Similarly  the  equalizers  are  represented  by  matrices 
[EQl]  and  [EQ2].  The  overall  coupling  matrix  is  the 
matrix  product 


tC]=>[EQl]-  iTj-tEQa]  , 
and  the  solution  of  the  circuit  is 

Ps  *c  ** 

We  regard  the  sound  intensity  in  the  earpiece 


(3) 

(4) 

(5) 


as  the  output  of  the  photophone.  It  is  customarv  and 
convenient  to  express  this  in  sound-pressure-level 
decibels"  SPL(dB) 

SPL(dB)=  101og,o[//(2x  lO'*  dyn  cm'*)*]  ,  (6) 


Ct  Ll.  '  I  1  '  1 

FIG.  2.  Kqulvjil' nl  circuit  f^r  tlit*  iransforr.u  r-t  »>upU  i* 
photophono.  The  un.sporifH’d  J-p*»ri  neiw»«r*.  4  Mvt ,  «rt 

equalJ7.t‘i o*'OOod  ijift  n  ll.-it  Mc»,oor<o> 
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vihere  2‘  10'^  dyn/cm*  is  the  nominal  rins  pressure  al 
the  threshold  of  hearing.  The  present  average  lev¬ 
el  in  the  telephone  network*  is  SPL.  =  &1  dB,  which 
we  will  use  in  this  study  to  make  numerical  compari¬ 
sons.  Another  requirement,  called  equalization,  is 
that  /  should  be  flat  (in  a  smoothed  sense  to  be  defined 
later)  within  3  dB  over  the  desired  band  300-3300  Hz. 

It  follows  from  Eq.  (37)  that  I  has  the  general  form 

where  the  response  function  //„ 

"-=  |(/>«/iz)|*(Cir/^S)|C„)*  (8) 

contains  all  dependence  on  frequency,  the  properties 
of  the  coupling  matrix  [C],  the  acoustic  properties  of 
the  absorbing  medium,  and  the  cell  volume  Vf..  The 
constant  having  the  dimensions  of  an  acoustic  im¬ 
pedance  is  included  to  make  dimensionless.  The 
value  adopted  here,  to  normalize  to  a  convenient 
magnitude,  is 

Jtg  =  880  g/sec  cm*  .  (9) 

The  quantity 

(y«  -  l)*/2(ya/>o)*  =  4. 04  x  10‘“  (cm*/dyn)*  (10) 

is  a  constant  (approximately)  of  the  atmosphere.  Im¬ 
portant  acoustic  properties  of  air  and  xenon  are  listed 
In  Table  I.  The  utilUation  factor  (or  light  absorption 
C4  is  given  by  Eq.  (38);  it  represents  the  fraction  of 
light  incident  in  the  fiber  which  is  actually  absorbed  in 
the  interior  of  the  cell.  In  a  properly  designed  cell  it 
should  be  very  close  to  unity.  The  figure  of  merit  for 
the  absorbing  medium  is  defined  by  Eq.  (55);  it  is  a 
thermodynamic  property  of  the  absorbing  medium  which 
reduces  to  unity  (or  a  medium  equivalent  to  air.  The 
dispersion  function  defined  by  Eq.  (54)  and  given  for 
a  spherical  cell  by  Eq.  (A15),  contains  the  frequency 
dependence  due  to  thermal  conduction  in  the  cell.  For 
Vc^l’^lO"’  cm’,  1C,, I*  lies  in  the  range  0.5- 1.0  and 


TABI.E  I.  Acoustic  properties  of  air  aod  xenoo  at  1  atm  pres¬ 
sure  p,=  1.013X  10*  dyo/cm*. 


Hropercy 

Unit 

Air* 

1288.  li*K, 

1  atm) 

Xeoeo 

ats'K. 

1  stml 

molecular  «cl|{h( 

28.  968 

131.30* 

density  ft 

g/cm* 

S.3»7«10->* 

sound  speed  c 

em'see 

3,  403  -  10^ 

I.TOO-IO* 

specific  beat 

ern/g  K 

1.006»10' 

l.S83«10** 

Specific  heat  ratio  > 

1.403 

1.041* 

viscosity  n 

dyn  sec/cm’ 

i.tsokio-* 

Z.34*«I0^* 

thermal  euntluctlv'icy  < 

erg  sec  cm  K 

2.533-10* 

s.sz.io" 

Ktrchhfiff  constsni  >' 

cm/  sec*'* 

0.565 

0.374 

cmVsec 

0.  2884 

0.1098 

w«  n  'p 

cm*  /  sec 

0. 1461 

4.I8Z*  I0-* 

‘Data  for  air  refer  to  the  standard  atmosphere  at  sea  level 
from  L.  Beranek,  "Acoustic  Properties  of  Gases,"  in  Ameri- 
can  Institute  of  Physics  Hanithook,  2ad  ed.  (McCraw-Hill. 

New  York,  1963),  Chap.  3,  pp.  3-59  to  3-70. 

*Y.  S.  Toulouki-m  and  T.  Maklto,  Therniophystcal  Properties 
of  Stnttcr,  Vol.  8  (Plenum,  New  York,  1970),  Numerical 
Data  Z5a. 

'llandhoDk  nf  Chemistry  and  Physics  (CHC  Press,  Cleveland, 
1974),  fiSth  ed. ,  edited  by  It.  C.  Weast,  p.  K-59. 

*Rcferenee  c,  p.  E-IC. 
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FIG.  3.  Equivalent  circuit  analyzed  In  Sec.  II  having  hypo¬ 
thetical  pure-lnertance  equalizers. 

increases  monotonically  with  frequency. 

Equations  (7)  and  (8)  reduce  to 

/=3. 13xl0-*ci|i>„|*//„  ,  (11) 

/f„=1.29xl0-*Gi  |C„|*  \(Pe/si,)\*  ,  (12) 

when  use  is  made  of  Eqs.  (9)  and  (10)  and  cgs  units  are 
used  throughout.  For  the  presentation  of  our  results 
we  find  it  convenient  to  define  a  standard  optical-signal 
power  input  to  the  absorbing  medium 

standard  C.i|P„|  »2.8  mW=2.8xl0*  erg/sec  .  (13) 

Referred  to  the  standard  input,  /(„  can  be  expressed  in 
SPUdB) 

SPL(dB)°  101og,o^w*^8'7>9  • 

Our  discussion  will  now  proceed  in  two  phases;  (a)  in 
the  flESt  phase  (contained  in  this  paper  and  which  we 
call  analysis)  we  determine  the  simplest  analytical 
models  for  the  equalizers  EQl,  EQ2  which  can  provide 
equalization,  (b)  in  the  second  phase  (contained  in  the 
succeeding  paper*  and  which  we  call  realization)  we  de¬ 
termine  the  specifications  for  actual  physical  devices 
of  simple  structure  which  approximate  the  analytical 
models  determined  in  (a).  In  this  paper  It  is  estab¬ 
lished  what  the  optimum  level  of  response  is  after 
equalization.  In  the  succeeding  paper*  the  important 
result  is  established  that  simple  devices,  such  as  a 
column  of  air  or  a  diapliragm  of  plastic,  are  capable  of 
providing  both  equalization  and  optimum  level  of  re¬ 
sponse. 

II.  ANALYSIS  OF  THE  PHOTOPHONE 

We  consider  the  circuit  of  Fig.  3  in  which  EQl  and 
EQ2  are  series  Impedances.  The  equalizer  matrices 
have  the  general  form 

[EQ]-[jf].  (15) 

The  solution  of  the  circuit  Eq.  (4)  reduces  to 

fA=IiiA*£lV  Ji*. 

Pe  4c  \  4*/  4j|Zc 


The  transformer  coefficients  are  given  in  ^'i-noi  al 
by  Eqs.  (B9).  Wo  specialize  to  an  o.\|Kjnentiallv-ia- 
pered  tube  described  by  Eqs.  (B16)  and  (B19)  .m'I  ini- 
off  frequency 


/,=  oc/2;i  =  200  Hz  .  (17) 

This  value  uas  chosen  to  be  well  below  the  lower  limit 
300  Hz  ol  our  desired  pass  band.  We  next  introduce 
two  approximations  which  are  reasonably  well  justified: 
(a)  the  boundary  layer  approximation  Eq.  (B17)  for  the 
sound  propagation,  and  (b)  the  neglect  of  TVD  except 
in  exponents. 

With  these  assumptions  Eq.  (16)  gives 

1^1*  _/2  jP£ri_Y  exp[-(ro/r,)4(»)] 

Uxl  "W  r^Ttk)  lg(*)-f  /t(*)exp(2i«/+  iA- A)!* 


z(*)»| 

^  zA  (£3.  ini.il.  i)  , 

(  za 

Zc/\zg  m.  Sg  / 

A(A)  =  ( 

Zc  w./V  Zg  Zg! 

Here  n  and  m*  given  by  Eqs.  (B19)  describe  propaga¬ 
tion  in  the  lossless  exponential  tube,  and  the  character¬ 
istic  impedances  Zj.za  i**®*  those  of  a  lossless  tube 

*j*(i7»ii,)(<i>p/*rJ) ,  7  =  1,2.  (20) 

TVD  is  represented  in  Eq.  (18)  by  r^,  and  A(*) 
given  by  Eqs.  (B18),  (B21),  and.(B22),  respectively. 
The  constants  p,  c,  and  r,  refer  to  the  gas  in  the  tube 
which  could  be  air,  but  it  will  be  shown  later  than  xenon 
gives  considerably  higher  response.  The  most  impor¬ 
tant  effect  of  TVD  is  the  attenuation  factor  in  the  nu¬ 
merator  of  Eq.  (18).  The  squared  magnitude  in  the 
denominator  of  Eq.  (18)  represents  the  interference  of 
waves  traveling  in  opposite  directions  in  the  tube. 

This  interference  sets  up  standing  waves  in  the  tube  and 
causes  oscillations  in  the  response  as  a  function  of  fre¬ 
quency.  The  peak-to-valley  ratio  of  these  oscillations 
depends  on  the  round-trip  attenuation  e**  due  to  TVD; 
if  e**«  1,  the  oscillations  are  damped  out.  The  oscil¬ 
lations  also  depend  on  the  round-trip  reflection  coef¬ 
ficient  (one  reflection  off  each  end)  h{k)/g(k).  Equa¬ 
tions  (12)  and  (18)  now  give 

..  _./pc  \*/9.  IxKT*  cm*\/nV 

-rivr~)Uj 

^  expt-(ro/ri)«(*)]IC,.l* 

lg(*)+  M*)exp(2f>i/+  I'A-  A)(* 

No  assumption  has  yet  been  made  as  to  the  form  of  2c> 
Zi,  tgf  or  Zj. 

We  base  our  analysis  on  the  model  in  which  Zc> 

Zx,  and  Zx  are  all  pure  imaginary 

*c  =  «r^o/«l'c  .  t,=  iyp^tjVg 

(22) 

2]  =  -  itaL^ ,  /y  =  -  iutLx  , 


where  V^,  are  effective  volumes  defined  by 
V'c=(y/>'c)(81np/einp)rKc  , 

and  Yci  ft  ®nd  Yo  refer  to  the  gases  (possibly  different) 
in  the  cell,  tube,  and  earpiece  (air)  respectively.  For 
generality  we  Include  in  a  thermodynamic  factor 
from  Eq.  (56)  to  take  account  of  possible  nonideal  be¬ 
havior  of  the  cell  gas;  otherwise  Zc,  ig  are  just  the  or¬ 
dinary  approximation,  Eq.  (AlO),  for  the  adiabatic  im¬ 
pedance  of  a  closed  volume.  The  important  effects  of 
thermal  conduction  are  contained  in  the  factor  |C„I*  in 
Eq.  (21).  It  now  follows  from  Eqs.  (19)  that 

M*)»-g(*)* 

(24) 

This  can  be  further  simplified  in  appearance  by  defin¬ 
ing  resonant  frequencies 

Wi“(y/>o/»'cii)'''*,  w*  =  (yFo/''i^»)‘'*  .  (25) 

so  that 

l  +  Z,/zc  =  l-(w/5,)*  ■ 

\*Zxlzg  -  l-(«/u5»)*  . 

The  only  dissipation  in  this  model  is  TVD  in  the  trans¬ 
former.  ft  [allows  that  the  reflection  coefficient  A(k)/ 
g(k)  has  magnitude  unity  and  the  oscillations  in  re¬ 
sponse  must  have  the  maximum  possible  peak-to-valley 
ratio.  The  oscillations  in  in  Eq.  (21)  are  described 
by  the  function 

1 1  +  (A/g)  exp(2fnf  ♦  f  A  -  A)  ( **  =  (1  -  2e‘^  cos*  ♦  e**^)*‘  , 

(27) 

where 

♦  =  2nl  —  . 

Peaks  correspond  to  cos*  =  1,  valleys  to  cos*  =  -  1;  the 
spacing  of  peaks  is  mainly  determined  by  the  rapidly 
varying  function  of  frequency  2nl.  The  average  value 
of  Eq.  (27)  over  one  cycle  of  *,  treating  A  as  constant, 
is 

(2w)*'  f  *'d*(l-2e’“cos*  +  e***)*‘  =  (l -e***)*‘  .  (29) 

We  can  now  write  the  response  //„  and  the  smoothed  re¬ 
sponse  {H^)  in  the  fornis  used  for  compulation: 


u  _  1  ^10'^  cm*\  /«V  exp((- ro/rj)^(A)]IC^I* 

T^x - )  Ui  (g(*)(^l  -2c-*cos*-.V“l 

)  .  r*(  /»'Y  c>q>l- ro/r,)f(l)j  .  ,, 
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FIG.  4.  Response  versus  frequency  for  optimised  equalized 
photophooe  having  pure-lnertance  equalizers.  Curve  (a)  gives 
(scale  on  left)  Cq.  (30);  (b)  gives  smoothed  response  Eq. 
(31);  (c)  gives  smoothed  response  for  no  equalization,  assuming 
parameters  of  Eq.  (32);  curve  (d)  gives  response  for  same  In¬ 
put  power  of  xenon  photophone  with  parameters  Eq.  (33).  SPL 
scale  refers  to  an  input  optical  power  modulation  2.8  mW. 


Figure  4  curve  (a)  shows  calculated  (or  an  optl- 
niized,  equalized  air  photophone  (cell,  tube,  and  ear¬ 
piece  gases  all  air  or  equivalent  to  air)  with  the  follow¬ 
ing  specifications: 


Ci=  1,  |G«|*  for  air  in  sphere, 

/,=.200,  7,-/,s3100Hz, 

»'s  =  6,  Fc»2.5xl0‘*  cm’ , 

rj  =  0,038,  r|H0. 89,  f>85cm. 


(32) 


We  do  not  know  a  priori  how  close  C  «  n  l  can  be 
achieved  for  an  absorbing  gas  or  a  solid  suspended  in 
air  (see  Sec.  m).  The  oscillations  in  are  seen  to  be 
very  similar  to  those  of  a  .stethoscope.  The  smoothed 
response  {H^)  is  shown  in  curve  (b).  Our  criterion  of 
equalization  is  that  should  be  flat  within  3  dB  over 
the  band  300-3300  Hz;  this  requirement  is  satisfied  as 
shown  by  curve  (b).  We  do  not  know  if  the  oscillations 
in  //„  would  give  the  TC  photophone  an  objectionable 
tone  quality.  The  peak-to-valley  ratio  of  these  oscilla¬ 
tions  can  be  reduced  by  making  r;  smaller,  which  would 
increase  A;  we  have  not  studied  how  far  this  can  be 
carried  before  it  becomes  impossible  to  equalize  the 
high-frequency  end  of  the  band  in  the  present  model.  In 
this  paper  we  assume  it  is  sufficient  just  to  equalize 
(//„).  With  no  equalization  the  smoothed  response 
(^H)i«tQ  is  shown  in  curve  (c)  of  Fig.  4;  this  case  cor¬ 
responds  to/,,/, -•«  in  Eqs,  (32).  Much  use  will  be 
made  of  (/fujxiq  in  the  realization  of  equalizer  devices 
using  the  method  of  equalization  factors  described  in 
the  succeeding  paper,*  The  need  for  equalization  is 
very  appaienl  from  curve  (c)  since  (.11^)  is  down  at 
3300  Hz  l)v  nearly  11  dB.  The  SPUdB)  scale  in  Fig.  4 
is  based  on  the  standard  input  Eq.  (13)  and  the  relation 
Eq.  (14).  We  see  that  curve  (b)  gives  81  dB  at  1000  Hz, 
the  required  output,  which  is  the  reason  for  our  choos- 
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ing  Eq.  (13)  as  the  standard  input.  Note  that  equaliza¬ 
tion  brings  up  the  high-frequency  response  withoui  sac¬ 
rificing  low-frequency  response. 

Figure  4  curve  (d)  shows  II ^  and  (//„;  calculated  for 
an  optimized,  equalized  xenon  photophone  (xenon  in  cell 
and  tube,  air  in  earpiece)  with  specifications: 


Ci  =  2,  I  Gul*  for  xenon  in  sphere, 
/o  =  200,  7,  =7,  =  3100  Hz, 

V,  =  6,  Fc  =  6.0x10-*  cm’, 
r,  =  0.024,  r,=  1.27,  f=56cm. 


(33) 


We  do, not  know  how  close  G\-Z  can  be  achieved  in 
practice.  The  improvement  over  the  air  photophone  is 
10  dB  across  the  band;  reduced  TVD  and  increased  im¬ 
pedance  pc  both  contribute  to  this  improvement,  as  well 
as  an  increased  material  figure  of  merit  C«  resulting 
from  the  largest  specific-heat  ratio  y  possible.  The 
xenon  in  the  tube  and  cell  could  be  retained  by  a  thin 
plastic  diaphragm  at  the  junction  of  the  tube  and  ear¬ 
piece  at  the  location  shown  by  the  dashed  line  in  Fig.  1. 
It  will  be  shown  in  the  succeeding  paper*  that  this  dia¬ 
phragm  could  also  serve  as  the  earpiece  equalizer  EQ2. 
For  the  xenon  photophone  an  81-dB-SPL  output  at  1000 
Hz-could  be  achieved  with  an  optical  input 


Gx|f*i.|  =0.89  mW  (xenon)  . 


(34) 


This  is  the  sensitivity  of  the  xenon  photophone;  the  air 
photophone  has  the  sensitivity  Eq.  (13). 


In  arriving  at  the  specifications  Eqs.  (32)  and  (33)  we 
regarded  Vg*S  cm’  and  /,  =  200  Hz  as  Initially  pre¬ 
scribed.  Then  r,,  r,  were  determined  so  as  to  maxi¬ 
mize  ^  A  specific  frequency  /,,  =  2000  Hz. 

Finally  Vg  and  Ji,Jt  were  determined  to  achieve  equal¬ 
ization  in  (Jij>  within  3  dB  over  the  band.  We  believe 
the  resulting  design  is  very  nearly  optimum  with  regard 
to  response  level  for  equalized  responses.  However,  a 
somewhat  higher  value  of  /,,  which  would  reduce  T\'D, 
would  appear  to  be  possible  without  giving  up  adequate 
response  down  to  300  Hz,  and  a  somewhat  lower  choice 
of  optimization  frequency  /„  might  give  a  little  higher 
level  while  still  permitting  equalization  in  the  present 
model.  In  optimizing  r,,  r,  we  ignore  the  factor  (1 
-  c*’^)"’  in  Eq.  (31)  which  arises  from  the  oscillations. 
If  this  factor  were  included  in  the  optimization  pro¬ 
cedure,  a  larger  value  of  r,  would  result.  This  would 
enhance  the  oscillations.  Since  we  do  not  want  to  "en¬ 
courage"  these  oscillations,  which  we  regard  as  unde¬ 
sirable,  by  giving  them  weight  in  determining  r,,  r,,  we 
omit  the  factor.  It  then  follows  from  Eq.  (31)  tlut  r,  is 
determined  by  minimizing  the  quantity  (l?)l*;  from 
Eq,  (24)  we  obtain,  with  2,  =  0, 

r,  =  (*,.Fi/7r)*^*  =  (2/„V'i/f)‘^*  .  (35) 

Similarly  r,  is  obtained  by  maximizing  rl*lg(lr)l*’ 
xexp(- (i-j/r;)?.,] ;  in  practice  (his  is  almost  indcpendeni 
of  Vg  so  r,  is  actually  determined  by  TVD 


7-,-  i>-oi„^(v'/2/,)(/„/x)''*  .  (36) 

Finally  Vg  and  f  \^Jx=7  were  determined  by  tri.il  using 
the  complete  expression  Eq.  (31)  until  curve  (b)  of  Fig. 
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4  was  obtained  and  the  procedure  terminated.  The 
same  procedure  was  followed  for  the  xenon  case,  curve  (d). 

Because  of  the  way  of  choosing  rj,  earpiece  equaliza> 
tion  was  not  as  important  as  ceil  equalization;  in  fact, 
equalization  can  be  achieved  with  Z^  alone,  setting 
«  0  in  Fig.  3.  Thus  EQ2  is  optional  in  the  model  being 
analyzed,  but  this  is  not  necessarily  true  when  realistic 
physical  models  of  EQl  are  considered. 

III.  PRODUCTION  OF  SOUND 

In  this  section  it  will  be  shown  that  the  sound  source 
S£  in  Fig.  2  has  the  general  form 

*z(w)  *  Kvo  -  D/VoPo]  ,  (37) 

where  is  a  utilization  factor  for  the  input  light,  Gn  ' 
is  a  material  figure  of  merit  depending  on  the  thermo¬ 
dynamic  properties  of  the  absorbing  medium,  and 
is  a  dispersion  function  depending  on  the  dissipation  in 
the  cell. 

To  estimate  Cj^  assume  that  all  the  light  incident  in 
the  fiber  is  coupled  out  of  the  fiber  into  the  interior  of 
the  cell  by  means  of  a  suitable  optical  termination  (not 
shown  in  Fig.  1);  then  the  useful  fraction  of  this  light 
for  the  production  of  sound  is 

G^-(e«-l)(e*<-,c)-‘ ,  (38) 

where  is  the  absorption  coefficient  of  the  absorbing 
medium,  w  is  the  wall  reflectivity,  and  d  is  the  mean 
distance  between  reflections  off  the  wail.  For  practical 
purposes  we  take  d  =  (,6Vc/ir)*'*,  the  diameter  of  a 
sphere  of  volume  Fg.  li  ^»\,  we  have  G^—  1  but  the 
thermal  relaxation  time  becomes  very  short,  as  will  be 
shown  later,  which  causes  G«  to  be  small  at  low  fre¬ 
quencies.  Therefore  8d  »  1  is  an  undesirable  condition. 
11  fid «  I,  it  is  essential  at  the  same  time  to  have  high 
reflectivity  1  -iv  «  1;  then  Eq.  (38)  reduces  to 

C„w{wi(l-«,)//3<fl}-‘ .  (3«) 

By  proper  design  it  should  be  possible  to  achieve  1. 

From  Eq.  (39),  which  should  hold  in  any  practical  case, 
we  obtain  a  lower  limit  on  fi 

fi>(l-w)/d  (40) 

by  requiring  C,|>0.  S.  The  restriction,  Eq.  (40),  is 
difficult  to  satisfy  with  gaseous  absorbers  in  the  visible 
region  of  the  spectrum,  but  presents  no  problem  for  a 
solid  absorber  suspended  in  air.  When  fid«  1,  the  spa¬ 
tial  distribution  of  the  heat  source  in  the  cell  is  approxi¬ 
mately  uniform. 

We  proceed  with  a  general  analysis  of  the  optoacoustic 
process  in  the  absorption  cell  on  the  basis  of  a  simpli¬ 
fied  model  and  obtain  expressions  for  the  sound  source 
St.  and  acoustic  impedance  Zc  of  the  cell.  In  this  model 
the  absorbing  medium  is  assumed  to  be  a  gas  obeying 
some  general  equation  of  state 

P-p(f>,T).  (41) 

For  generality  v.e  do  not  assume  here  that  Eq.  (41)  is 
the  idi  al  gas  law,  although  for  simplicity  all  of  the  nu¬ 
merical  calculations  presented  in  this  paper  are  based 
on  lh.it  assumption.  The  walls  of  the  cell  arc  a  heal 


sink  v/hich  is  maintained  at  the  constant  tcmpcr.Uurc 
T^.  Within  the  cell  T(r,  I)  varies  with  position  f  and 
time  I,  but  the  pressure  pU)  is  spatially  constant  be¬ 
cause  the  cell  is  much  smaller  than  the  wavelength  of 
sound  over  the  frequency  range  of  interest.  Imagine  a 
massless  piston  at  the  opening  of  the  cell  into  the  tube 
which  defines  a  time-dependent  cell  volume  V{l).  The 
conservation  of  matter  in  V{1)  gives  the  relation 


f  p(r,/)dr  =  0. 

(42) 

The  equation  for  thermal  diffusion” 
source  is 

with  a  uniform  heat 

-KV*T*pC,T={CjVc)P{i)*xp 
(T=  T„  =  constant  on  wall)  , 

(43) 

where 

X  =  -Olnp/81nr), 

(44) 

has  the  value  x  =  1  for  an  ideal  gas.  Equation  (43)  is 
discussed  and  justified  in  Appendix  C. 

We  believe  the  model  is  realistic  for  the  case  of  a 
gaseous  absorber  in  which  the  absorption  docs  not  in¬ 
volve  dissociation  or  other  type  of  chemical  reaction. 

In  this  case  Eq.  (41)  would  be  the  ideal  gas  law.  How¬ 
ever,  we  believe  the  model  may  also  apply  to  a  wider 
range  of  situations  to  which  the  ideal  gas  law  would  not 
apply  including  gaseous  absorbers  that  involve  chemi¬ 
cal  reactions  and  tenuous  solid  absorbers  disbursed  in 
a  gas.  For  example,  when  a  fine  mesh  of  cotton  fibers 
is  carbonized  and  used  as  the  absorber,  the  combina¬ 
tion  of  cottom  charcoal  and  the  air  in  which  it  is  im¬ 
mersed  may  be  regarded  as  a  pseudo-gas.  It  is  clear 
that  an  equilibrium  equation  of  state  liite  Eq.  (41)  e.xists 
for  this  pseudo-gas.  It  is  also  reasonable  that  this 
pseudo-gas  has  an  effective  thermal  conductivity  k  in 
the  presence  of  a  small  temperature  gradient.  In  ap¬ 
plying  the  pseudo-gas  model  to  a  solid,  three  essential 
physical  assumptions  are  involved:  (a)  under  illumina¬ 
tion  by  light  (at  levels  of  a  few  milliwatts)  there  is  a 
sufficiently  small  difference  between  the  average  tem¬ 
perature  of  the  gas  and  the  temperature  of  the  solid  that 
the  departure  from  local  cquilibriun.  is  negligible,  (b) 
all  important  gas  adsorption-desorption  processes  are 
rapid  compared  to  the  highest  frequency  of  interest, 
and  (c)  the  solid  and  gas  move  together  at  the  frequen¬ 
cies  of  interest.  These  assumptions  represent  .in  ideal 
which  should  be  closely  realizable  in  practice  thi  'nich 
the  process  of  optimizing  the  absorbing  medium  The 
breakdown  of  any  of  these  assumptions  will  lead  to  a 
reduction  of  sound  production.  The  fine-mesh  solid  we 
are  considering  here  is  similar  to  uool-like  arou-,iic 
insulating  materials  that  have  been  extensively  studied 
theoretically  and  experimentally. Our  model  corre¬ 
sponds  to  the  low-frequency  domain  in  which  the  solid 
is  strongly  coupled  to  the  gas.  As  the  decoupling  fre¬ 
quency  is  approached  from  below  there  will  be  .ul.h- 
tional  dissipntinii  due  to  viscosilv  "hi''!)  is  not  in  'ne 
model.  However,  we  lielievc  ifioi  c  I'o  no  ni  lii- 

loni  in  getting  the  decoupling  froquci  .  -.  '.e  ll  aiiov  e  3.100 
Hz.'*  The  assumption  ot  a  uniform  !n  .it  souici-  i'  not  .i 
serious  limitation  because  it  will  he  ih.ii  .i  fic- 


J.  Aeoutt  Soc  Am  ,  Vol  59,  No.  6,  June  1976 


E-7 


1489 


D.  A.  KIcinirun  «nd  D.  f.  Nelson:  The  pholophone-en  opticel  teleiihone  receiver 


1489 


quencies  high  compared  to  the  thermal  relaxation  rale 
(the  frequency  range  of  interest),  the  details  of  the 
heat-source  distribution  as  well  as  the  geometry  of  the 
cell  become  unimportant. 


Write  V{t)  in  the  form  of  Eq.  (1); 
V(/)=  V’c  +  Re(V'„e*‘-‘)  , 

V'„  =  iSc/(*»  . 


(45) 


where  Sc  is  the  flow  out  of  the  cell  as  shown  in  the  cir¬ 
cuit  in  Fig.  2.  From  Eqs.  (42)  and  (43)  we  can  com¬ 
pute  Sc  with  and  without  P(l)',  the  general  solution  can 
be  written  in  the  form: 


»c*St-/>c/*c  .  (46) 

where  s*  is  proportional  to  P^,  which  defines  both 
and  Zg.  Because  the  variation  of  Ff/)  takes  place  at  the 
wall  where  p(r,  /)  =  p„,  it  follows  from  Eq.  (42)  to  first 
order  in  sound  amplitudes  that 


•'c 

where  the  integral  is  over  the  cell  volume  Vg.  We  ne¬ 
glect  the  spatial  variation  of  the  partial  derivatives  in 
Eq.  (47)  to  obtain 

where  the  partial  derivatives  are  taken  at  p^,  This 
approximation  is  valid  if  the  fractional  rise  in  absolute 
temperature  from  the  wall  to  the  hottest  spot  in  the  in¬ 


terior  is  small  compared  with  unity 

|T(r,/)-r,|«r.-.  (40) 

Let  us  write 

^■(-^ta^pC/x^‘'*y  ,  (50) 

Tjr)  -  [HC^PjupC^Vg)  *  (x  Pc/pC^]  C(  y )  .  (51) 

The  thermal  diffusion  equation,  Eq.  (43),  then  becomes 

simply 

-VyC+C»l,  C«0on  walls.  (52) 

It  now  follows  from  Eqs.  (46),  (48),  and  (51)  that  the 
sound  source  is 

ft’^ix/pCJjGj^C^P^  ,  (53) 

where  the  dispersion  function 

f  G{y)dr  (54) 

c 


gives  the  frequency  dependence  due  to  thermal  conduc¬ 
tion.  From  the  thermodynamic  relation,  Eq,  (C5),  the 
source  can  be  written  in  the  alternative  form  Eq.  (37) 
with 


the  material  figure  of  merit.  For  an  ideal  gas  the  par¬ 
tial  derivative  in  Eq.  (55)  is  unity.  For  air  1. 
Setting  i  0  in  Eqs.  (46),  (48),  and  (51)  gives  the  Im- 

f  V.*.  is.s  m  r  I  .  «««-«<•  ^ 


pedance 

The  partial  derivative  is  unity  for  an  ideal  gas;  in  this 
case  Eq.  (56)  agrees  with  Eq.  (A12).  No  assumption 
has  been  made  about  the  shape  of  the  wall,  but  it  has 
been  assumed  that  the  heat  source  is  spatially  uniform. 
With  this  assumption  the  same  function  C„  appears  in 
Si  and  Zg.  For  further  discussion  of  C„,  see  Appendix 
A.  In  general  depends  on  the  wall  shape  and  cell 
volume  but  always  has  the  high-  and  low-frequency  lim¬ 
its  given  by  Eqs.  (A13)  and  (A14),  respectively.  The 
function  of  interest  here  is  IC„I*  which  is  shown  in  Fig. 
5  for  a  sphere  as  a  function  of  wr,  where  r  is  the  re¬ 
laxation  time  in  Eq.  (A16).  For  an  air-filled  sphere, 
IC„l*>0. 5  at  all  frequencies  /z  300  Hz  for  a  volume 
Vc  a  1.1x10**  cm*. 

We  consider  qualitatively  the  case  in  which  the  heat- 
source  distribution  is  highly  nonuniform  due  to  large 
optical  absorption  pd»  1.  We  have  already  noted  that 
this  is  an  undesirable  situation  because  it  causes  to 
be  small  at  low  frequencies.  Physically  this  is  due  to 
the  rapid  escape  of  the  optically  generated  heat  to  the 
wall.  The  thermal  relaxation  time  r  for  this  case  can 
be  estimated  from  that  for  a  sphere  of  radius  a,  Eq, 
(A18),  by  replacing  2<i-.0*'  to  obtain 

T-pC^60x^*  Od»l).  (57) 

If  we  require  a>r  >2  for  the  lowest  frequency  of  interest 
(300  Hz),  we  obtain  an  upper  limit  for  0;  combining 
this  with  Eq.  (40)  gives  the  range 

(l-ie)/d<0<(5»)''*(pC/x)*'*  .  (56) 

For  air  the  value  of  the  right  side  is  8. 7  cm*';  for  w 
»  0. 98,  Fp  -  2. 5  X 10**  cm*  the  left  side  U  0. 12  cm*‘. 

For  a  sphere  of  radius  a  the  static  temperature  rj(r) 


FIG.  5.  Oiaperston  function  I  C,.  I  appearing  In  Tq.  for  a 
sphere  according  to  Eq.  (AIS). 
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determined  by  Eq.  (43)  is 

r,(r).  (C^Pofl*/6ic1'c)[l  •  (M) 

It  follows  that  the  temperature  rise  AT  is 

Ars0.064C^Po/»cV^J;'’ ,  (60) 

with  equality  holding  for  a  sphere.  For  Ve  =  2. 5x10** 
cm’,  Eq.  (60)  gives  a  rise  of  1.9“K/mW,  which  com¬ 
pletely  justifies  the  assumption  Eq.  (49). 

The  absorption  cell  must  contain  some  material  which 
will  absorb  the  incident  light  energy,  transform  the  en¬ 
ergy  to  heat,  and  transfer  the  heat  to  an  immersing  gas. 
The  absorbing  material  can  be  the  immersing  gas  itself, 
or  a  solid  substance  suspended  in  the  gas  volume,  or  a 
solid  substance  on  the  cell  walls.  In  this  section  we 
have  given  a  general  theory  for  the  optoacoustic  effect 
'  on  the  assumption  that  the  absorbing  medium  is  a  gas, 
or  may  be  thought  of  as  a  gas,  which  is  specified  by  its 
local  pressure  and  temperature  throughout  the  cell  and 
has  certain  constant  thermal  properties.  For  example, 
a  fine  mesh  of  carbonized  cotton  immersed  in  air  may 
be  regarded  as  a  pseudo-gas  whose  equation  of  state 
includes  gas  adsorption-desorption  processes.  When 
the  amount  of  solid  is  very  small,  its  only  function  is  to 
provide  optical  absorption  and  the  pseudo-gas  is  then 
acoustically  very  similar  to  the  pure  immersing  gas. 
This  justifies  assuming  0^=1  in  Eq.  (32)  (air)  and  Ci 
>2  in  Eq.  (33)  (xenon).  The  pseudo-gas  concept  en¬ 
ables  us  to  treat  formally  one  type  of  solid  absorber 
without  detailed  knowledge  of  the  physical  mechanisms 
involved.  Several  observers*’*  agree  that  the  solids 
producing  the  largest  optoacoustic  signals  are  car¬ 
bonaceous  materials  (lampblack,  soot,  charcoal)  In  a 
loose,  porous,  spongy  condition.  An  important  advan¬ 
tage  of  these  materials  is  their  broadband  absorption 
with  consequent  usefulness  for  a  large  number  of  laser 
wavelengths. 

We  do  not  know  whether  the  best  gaseous  abosrber 
is  better  or  worse  than  the  best  carbonaceous  absorber. 
If  we  assume  that  in  either  case  0  can  be  made  to  satis¬ 
fy  Eq.  (96),  the  comparison  comes  down  to  the  figure 
of  merit  C*  defined  in  Eq.  (55).  Taking  (91nr/91np), 
w  1  we  obtain  the  following  Illustrative  values  for  sev¬ 
eral  gases: 

air, 

w2.0,  Xe,  Ar,  etc., 

••0.67,  CO„ 

•  0.12,  CCIF,. 

It  is  clear  that  gases  having  complex  molecules  (many 
atoms)  tend  to  have  small  Cg  because  y  —  1  as  the  mo¬ 
lecular  size  increases.  Therefore  it  seems  probable 
that  a  Small  amovint  of  carboVtaceous  matter  suspended 
in  air,  or  preferably  a  monatomic  gas,  is  a  better  ab¬ 
sorbing  medium  than  any  gaseous  absorber  as  compli¬ 
cated  as  CCIF,.  This  is  only  a  tentative  conclusion  be¬ 
cause  w^  do  not  know  how  closely  the  pseudo-gas  ap¬ 
proaches  the  immersing  gas  in  its  acoustic  properties 
or  even  how  well  the  pseudo-gas  model  applies.  De¬ 
spite  the  above  considerations  it  is  of  interest  to  learn 


whether  suitable  gaseous  abosrbers  exist  for  use  with 
visible  light.  A  brief  discussion  of  this  is  given  in  Ap¬ 
pendix  D. 

IV.  SUMMARY 

We  have  described  the  functional  parts  and  basic 
principles  of  operation  of  optical  telephone  receivers 
employing  the  optoacoustic  effect.  The  general  theory 
of  sound  production  by  this  effect  has  been  presented  on 
the  basis  of  a  model  In  which  a  dispersed  solid  absorb¬ 
er  is  treated  as  a  pseudo-gas.  This  model  avoids  the 
need  for  detailed  knowledge  of  the  optoacoustic  process 
in  solid  absorbers. 

There  are  five  functional  parts  of  the  transformer- 
coupled  (TC)  photophone,  three  of  which  are  shown  in 
Fig.  1:  an  absorption  cell  where  sound  is  produced  at ' 
high  impedance  by  the  absorption  of  intensity-modulated 
light,  a  tapered  acoustic  tube  which  transforms  the 
sound  to  the  Impedance  of  the  earpiece  volume,  and  an 
earpiece  which  when  pressed  against  the  ear  encloses  a 
volume  6  cm*.  The  parts  not  shown  are  devices,  called 
equalizers,  at  the  input  and  output  of  the  tube  to  equal¬ 
ize  the  frequency  response  across  the  telephone  band 
300-3300  Hz.  An  important  result  of  the  analysis  to  be 
presented  in  a  second  paper*  is  that  equalization  can  be 
achieved  by  simple  means.  Figure  4(a)  shows  the  re¬ 
sponse  for  optimized  cell,  tube,  and  purely  inertial 
equalizers;  the  SPL  scale  refers  to  an  optical  modula¬ 
tion  of  1P„I  =2. 8  mW.  Figure  4(d)  shows  the  improved 
response  for  a  xenon-filled  cell  and  tube. 

A  convenient  measure  of  sensitivity  for  equalized  op¬ 
tical  receivers  is  the  optical  power  modulation  required 
to  produce  SPL°81  dB  in  the  earpiece  volume  of  6  cm’. 
(When  this  quantity  is  small,  the  receiver  is  very  sen¬ 
sitive.  )  We  find  the  sensitivities  2. 8  and  0. 89  mW  for 
the  air  and  xenon  photophones,  respectively.  These 
are  Independent  of  the  average  optical  power.  At  pres¬ 
ent  laser  diodes”  can  emit  as  much  as  25  mW  of  con¬ 
tinuous  optical  power  into  an  optical  fiber  and  so  qualify 
as  sources  of  the  optical  carrier  wave  if  a  reasonable 
percentage  modulation  can  be  achieved.  The  tapered 
acoustic  tube  performs  an  essential  function  in  bringing 
the  photophone  sensitivity  within  the  capability  of  diode 
lasers. 

We  believe  the  xenon  photophone  represents  the  best 
receiver  that  can  be  achieved  using  the  optoacoustic  ef¬ 
fect.  Its  use  will  require  gas-tight  construction  in¬ 
cluding  a  diaphragm  equalizer  in  the  earpiece  which 
will  thus  serve  a  dual  function.  When  bought  in  quan¬ 
tities  the  xenon  required  for  one  photophone  (whose  gas 
volume  is  32  cm’)  presently  costs  about  $  0.  25.  Thus, 
the  higher  performance  of  the  xenon  photophone  may  be 
obtained  at  only  a  modest  increase  in  cost. 
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APPENDIX  a:  acoustic  impedances 

It  is  convenient  to  employ  the  analogy*'  in  which 
acoustic  volume  (low  (s,  cm’ sec*')  is  analogous  to  elec* 
trie  current,  acoustic  pressure  {p,  dyn  cm**)  is  analo¬ 
gous  to  electric  potential,  and  acoustic  impedance  (z 
•‘p/s,  g  sec*'  cm*^)  is  analogous  to  electrical  imped¬ 
ance.  In  this  Appendix  we  present  a  concise  resume 
o(  the  impedance  formulas  required  in  this  work. 
Throughout  we  assume  the  time  dependence  e*'"*  (or  all 
signals  so  that  impedances  have  the  general  form  Z^R 
*U/u>C)-ivL  (or  lumped  resistance  R,  capacitance  C, 
and  inertance  L. 

A  circular  tube  (duct,  conduit)  of  radius  a  at  low  fre¬ 
quency  ka«  1  is  a  transmission  line  with  series  dis¬ 
tributed  impedance  Z(x)  and  shunt  distributed  admit¬ 
tance  Y{x),  where** 


(Al) 

. ■] 

» 

with 

(A2) 

r,  =  (w/M)''*o,  r,*(yw/i/)''*a  . 

(A3) 

The  Bessel  functions  arise  from  the  viscous  and  ther¬ 
mal  boundary  layers  at  the  duct  wall.  In  the  boundary 

layer  approximation,  r„  r, »  1 

.  ■ 

(A4) 

(A$) 

In  Eqs.  (AS)  and  (A6)  we  may  replace 

a  ->  2(area)/(perimeter) 

(A6) 

for  tubes  of  noncircular  cross  section.  For  a  finite 
tube  there  is  a  contribution  to  the  inertance  L  from  the 
spreading  of  the  flow  at  each  end;  for  a  tube  of  length  / 
and  area  A  with  wide  flanges  (flow  spreads  into  Zx  solid 
angle  to  infinite)*’ 

L  *  (pi/ A)  ♦  2(p/4(i) ,  (A7) 

where  the  second  term  is  for  2  flanges.  In  the  narrow 
tube  limit,  r,,  r, «  1 

Z  -  (wp/m  *)  ((8/rJ)  -  (4i/3)  (A8) 

F-  (w»a*/pc*){-  fy+  [(y  -  l)r*/8]  +  . . .  }  {A9) 

valid  only  for  circular  tubes. 

For  a  large  enclosed  volume  V  the  Impedance  is  ap¬ 
proximately 

t‘‘iypx/'^y ,  (AlO) 

corresponding  to  the  adiabatic  compression  of  the  gas. 
In  the  limit  u,-  — 0  Eq.  (AlO)  breaks  douii  and 

'it:? '/’ll  (All) 

corrcspondiiii;  to  isothermal  compression.  In  general 
/  for  a  volume  V  filled  with  ideal  gas  is** 

/M,-,/,,  l)t,^|-'  ,  (A12) 


where  depends  on  the  size  and  shape  of  V.  The  ef¬ 
fect  of  a  nonidcal  gas  is  shown  in  Eq.  (56).  It  is  shown 
in  Appendix  C  that 

(A13) 

in  agreement  with  Eq.  (AlO).  The  low-frequency  re¬ 
sponse  can  be  used  to  define  the  thermal  relaxation 
time  r 


C„ — -T-iiirr  . 

For  a  sphere  of  radius  a 

(A14) 

C„  « 1  -  3((v>  cothflF  -  l)/v»*] 
4»-(l-i)(15a7T/2)‘'* 

(AIS) 

with 

T-pC^a’/lSx^ya’/lSi/ . 

(A16) 

The  limiting  forms  of  Eq.  (AIS)  are 

C..-|^l-(3/<(»)  +  (3/tF*)*... 

(A17) 

(?»Vl5)  -  (2<pV315)  + . .  . 

(A18) 

1  C„|*-^l  -  (6/5wt)‘'*  +  (3/5wt)  ♦ . . . 

(A19) 

When  the  first  two  terms  of  Eq.  (A17)  give  an  adequate 
approximation,  it  is  valid  to  write  r  for  any  shape  in 
the  form 

T  a  (9/1 5)  (y/,,)  (volume/area)*  .  (A20) 

The  three-term  approximation  Eq.  (A19)  is  shown  in 
Fig.  5  along  with  the  exact  I  C„ I*  for  a  sphere.  The 
impedance  Eq.  (A12)  in  the  high-frequency  limit  re¬ 
duces  to 

r  (»VPb/wV)  ( 1  -  ih) 

...  (A21) 

6-3(y-l)(30wT)*''*  . 


APPENDIX  b;  acdustic  transformers 

An  acoustic  transformer  is  a  duct  whose  cross  sec¬ 
tional  area  A  varies  with  distance  x  along  the  duct 
(tapered  tube,  horn).  Such  a  tube  can  be  treated  as  a 
transmission  line  with  variable  impedance  Z(x)  and  ad¬ 
mittance  Y(x)  per  unit  length 

p'x  dp/dx-  -  Zs  , 

(Bl) 

s'xds/dx=  -  Yp  . 

Thermoi-iscous  damping  (TVD)  is  included  in  Z  and  Y. 
Eliminating  s  or  p  gives  the  horn  equation 

P"-(\nZyp'-ZYp  =  0  ,  (B2) 

s"-(lnF)'s'-Zl's=0  .  (B3) 

We  shall  assume  that  Eqs.  (Al)  and  (A2)  remain  valid 
for  a  varying  radius  «  =  >ix}.  This  is  confirmed  bv  re¬ 
cent  theoretical  investigations  of  thernioviscous  damp¬ 
ing  in  tapered  tubes.  The  lossless  case  Uhermovis- 
cous  efh  cis  III';  li'ctC'O  CO r ^ punds  lo  Ui<  first  utiks 
of  Fqs.  (As)  .ii'd  (.^5).  •ilucli  give  the  usual  form  of  tin- 
horn  equation®* 

/>”.  (lny\ )'/>'.  -  0  ,  (B4) 
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where  k  =  ^'/r. 

In  general  a  transformer  may  be  specified  by  a  2'<2 
matrix  [  T]  in  the  equation 


fPi  ^ti  P* 

Lsi-  Tii_  _Sj_ 


with  sign  conventions  snown  in  Fig.  2.  It  can  be 
shown®*  from  Eq.  (Bl)  that  [7]  satisfies  the  reciprocity 
relation 

dct(T]=r„Ta- T,iT„  =  l  .  (B6) 

for  arbitrary  Z[x),  Y(x).  Let  us  take  .r  =  0  at  the  input 
(Pi>S|),  x  =  /  at  the  output  (Pi,  Sj);  let  p(x).  denote  a 
linearly  independent  pair  of  solutions  of  Eq.  (B2);  de¬ 
fine 

M»(lnp.)',  f  =  (lnp.)'  (B7) 

and  define  the  characteristic  impedance 

a(x)  =  -  2{x)Mx) .  (B8) 

Then  7|^  can  be  expressed  as  follows*'; 


(B15) 

is  called  Kirchhoff’s  constant.  Recent  calculations®* 
have  shown  that  the  fractional  error  in  the  y'  correc¬ 
tion  term  in  Eq.  (B14)  is  about  equal  to  the  magnitude 
of  the  correction  term.  .Although  Eq.  (B14)  was  long 
considered  in  substantial  disagreement  with  experiment, 
recent  e.xperiments®*"*’  have  adequately  confirmed  it. 
Weston®*  has  carried  the  asymptotic  expansion  of  0  up 
to  order  and  verified  it  experimentally®*  for 

tubes  as  small  as  a  =  0.0127  cm. 

For  the  exponentially  tapered  tube 

r(x)  =  r,e",  rt=«r,e*',  (B18) 

a  solution  of  Eq.  (B2)  is  available®'  only  in  the  boundary 
layer  approximation  [order  (rv'^)"'];  for  this  solution 
Eqs.  (B7)  become 


r„  =  (l-A/)«, 


M  « e*p(  (“  -  t')  </Jf)  -  I'lj  (*<  t  -  » 

Af «  [a  j(  V|/«i)  exp^  (w  -  v)  dx^  -  vj  j  (a*  - . 

We  assume  p{x),  has  been  so  chosen  that  Re[z(x)]>0; 
then  if  an  Impedance  Zg  is  put  across  the  output,  the  in¬ 
put  impedance  will  be  Pt/S|  =  <|. 

For  the  uniform  tube  of  constant  radius  a  Eqs.  (B7) 
and  (B8)  reduce  to 

(BIO) 

*(x)««,-(z/r)''* . 

For  the  lossless  case  this  further  reduces  to 

8-*,  x,-pc/»a*  .  (BID 

In  general  0  and  <g  are  complex;  for  the  case  of  air  the 
real  and  Imaginary  parts  can  be  read  from  the  graphs 
given  by  Benade.  **  If  the  tube  has  length  b,  Eqs.  (B9) 
reduce  to 


where 

r,-2y'(ac)-‘'*  (B181 

characterizes  the  boundary  layer,  characterize  the 
lossless  solutions** 

m,=  -a±fM,  «  =  (**- o*)*^*  ,  {B19] 

and  <f »  p'^VZy'.  For  the  case  of  interest  here  *2  a, 
r, »  r,  we  can  write 


u(x)d^  »  -  Zal -  (rg/r,)  (,{k) 

r  * 

I  (M-i;)dx»iA- A  , 

Jp 


r  T 

ooB0b  ,  ~U,aln0b 

.(-f/««)8ln88,  cos0b  , 


This  is  equivalent  to  the  pi  circuit  (series  impedance  Z 
shunted  fore  and  aft  by  impedance  X)  with** 

Z  =  -  i'«,sin0h,  X’ iXgCOt.i0b  .  (B13) 

In  the  boundary  layer  (or  'Vide  tube")  approximation 
(r„  r,  --  1)  Eqs.  (A4)  and  (AS)  Rive  the  asymptotic  ex¬ 
pansion 

^-*(1  »(y7nw''*)e‘"**...l  ,  (B14) 


where 

A  discussion  of  the  exponentially  tapered  electric  line 
has  been  given  by  Burrows.®*® 

APPENDIX  C;  THERMODYNAMICS  OF  THE 
OPTOACOUSTIC  EFFECT 

We  give  here  a  thermodynamic  discussion  which  con¬ 
firms  the  correctness  of  Eqs.  (43)  and  (55).  A  detailed 
derivation  of  Eq.  (43)  is  given  in  Ref.  13.  We  ofter  cne 
following  simpler  derivation  based  on  three  simple  spe¬ 
cial  cases:  (a)  For  a  reversible  adiabatic  compression, 
Eq.  (43)  reduces  to 

pC,07/8p),  =  x  , 

(V*7=0,  PiO^O)  , 

which  may  be  regarded  as  the  definition  of  y  ;  (b)  for  a 
reversible  constant -pressure  heating  Eq.  (42)  reduces  to 

pC,=  Fc'(6<?/«7),  ,  ^^.2^ 

(V*7  =  0,  >  =  0,  GjiP{t)  =  0Q/,ll) 
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which  is  the  Li*'hiution  of  C^;  (c)  for  consi.mi  pressure 
Eq.  (43)  reduccb  lo  the  staridarcl  equation  for  thermal 


diffusion. From  the  formulas^'* 

(8r/d/))s  =  (dl7sS), 

pC,  =  {T/V)(dS/bT), 

it  follows  that  x  can  be  written 

X  =  pc,(  a  v/eS),  =  -  ( r/p)  ( 3p/  a  r ), .  (C4) 

These  arguments  confirm  Eqs.  (43)  and  (44).  Other 
useful  formulas  involving  x  arc 

p(C,-C,)  =  xO/>/97-),  (C5) 

Op/9f)r  =  xV(r(C,-C,)]  ,  (C«) 


which  follow  from  Eq.  (C4)  and  the  formulas*^* 

p(c,-O  =  (7/F){3F/3r),0p/ar), 

(BT/9P),(dV/3T),*(!tV/ap)r  =  0  . 

If  thermal  transport  can  be  neglected,  the  sound 
source  and  cell  impedance  can  be  calculated  thermody> 
namlcally.  The  quantity  s,_/Cj^P^  in  Eq.  (37)  corre¬ 
sponds  to  (6V/5Q),.  From  Eqs.  (C3),  (C4),  and  (C5) 
we  have 

(0V/6<3),=  (V'pC/Ha  1^/97),  =  (pC»)*‘(x/7’) 

='P;'h-y*‘)(91n7/ainp)^  ,  (C8) 

which  agrees  with  Eqs.  (37)  and  (SS)  in  the  limit  G^  -  1. 
The  quantity  (iwrc)*‘  corresponds  to  (9V/8p)s  which  can 
be  transformed  as  follows 

(9F/8P),  =  -(d5/9p)r  (aV/8S), 

-  -(C,/C,)(a7/9p)^(aF/87), 

=  —  ( V/yp)  (9  lnp/8  lnp)j- ,  (C9) 

This  agrees  with  Eq.  (S6)  in  the  limit  1,  which  con¬ 
firms  the  high-frequency  limit  Eq.  (A14). 

APPENDIX  O:  GASEOUS  ABSORBERS 

A  gaseous  absorber  must  have  an  optical  absorption 
coefficient  $  in  the  range  given  by  Eq.  (58);  for  con¬ 
creteness  we  write  this  In  the  approximate  form 

0. 12  cm*‘<3<8.7  cm*‘  (Dl) 

obtained  by  assuming  ie=  0. 98,  Kg  =  2.  Sx  10**  cm*,  and 

pC^K  for  air  from  Table  I.  Practical  considerations 
also  require  the  gas  to  be  chemically  stable,  noncor¬ 
rosive,  and  nonpoisonous.  Any  temperature  dependence 
of  the  absorption  strength  must  be  mild  enough  to  leave 
P  In  the  range  Eq.  (Dl)  from  -  30 'C  to  +  40 “C,  the 
range  encountered  by  telephone  sets.  This  will  usually, 
but  not  always,  rule  out  vapors  in  equilibrium  with  a 
condensed  phase  and  gases  whose  boiling  points  fall 
within  the  above  range.  Thus  the  boiling  point  should 
preferably  be  below  -  30 “C  (-  22‘“F).  In  a  general  way 
this  requires  low-molecular-weight  compounds.  The 
range  Eq.  (Dl)  lies  rather  high  for  gases  at  standard 
temperature  and  pressure  and  for  absorption  in  the  visi¬ 
ble  or  near  infrared.  The  reason  for  this  is  that  the 
strong  oscillator  strength  electronic  absorption  bands 
fall  typically  below  3000  A  wavelength  while  the  strong 


oscillator  strength  vibrational-rotational  transitions 
fall  typically  above  20  000  A  wavelength.  Resonant  ab¬ 
sorptions  between  these  limits  arc  not  common  in  gases 
and  those  occurring  usually  have  low  oscillator 
strengths. 

Although  we  have  not  been  able,  as  yet,  to  find  a  gas 
satisfying  all  the  requirements,  one  gas  which  comes 
close  is  trifluoronitrosomethane  (CFjNO),  a  blue  gas 
with  a  boiling  point  of  -  31  'C.  This  gas  has  a  broad, 
fairly  strong  absorption  band  extending  from  5000  A  to 
7600  A  with  a  peak  absorption  near  6900  A.  The  molar 
absorptivity  «  is  15.9,  17.4,  and  22.4  1  mol**  cm*‘  at 
the  wavelengths  6328  A  (HeNe  laser  line),  6471  A  (Kr 
laser  line),  and  6764  A  (Kr  laser  line).*’*  These  values 
correspond  to  absorption  coefficients  /3*  ln(/o//)//  of 
1.4,  1.5,  and  1.9  cm**,  respectively,  for  atmospheric 
pressure  and  300  K,  values  that  fall  within  Eq.  (Dl), 

A  problem  with  CF,NO  is  its  tendency  by  an  excited- 
molecule  mechanism,  following  light  absorption  in  the 
band  mentioned,  to  deposit  on  the  walls  of  the  vessel  a 
decomposition  product.  Since  the  energy  absorbed  in 
this  band  is  insufficient  to  cause  dissociation  of  the 
molecule,  it  seems  possible  that  a  second  gas  could 
be  found  to  use  in  a  mixture  with  CF,NO  that  would 
quench  the  excitation  at  a  rate  fast  compared  to  the  ex¬ 
cited-molecule  reaction  rate.  The  quenching  would,  of 
course,  convert  the  excitation  energy  to  heat  as  de¬ 
sired.  The  related  perfluoroaikanes  have  similar 
properties  to  CF,NO. 

A  second  gas  worth  consideration  is  nitrogen  dioxide 
(NOf)  which  has  strong  absorption***  from  **  3200  to 
~  5000  A  giving  it  a  red-brown  color.  However,  it 
forms  an  equilibrium  concentration  of  Nfi,  whose  ab¬ 
sorption  exists  at  wavelengths  shorter  than  *■  3700  A. 
Further,  NO|  has  its  boiling  point  at  21  °C  and  its  melt¬ 
ing  point  at  -  9*0.  In  spite  of  these  disadvantages  the 
absorption  of  the  saturated  NO«  vapor  comes  close  to 
remaining  in  (he  range  Eq.  (Dl)  throughout  the  tem¬ 
perature  range  of  -  30*  to  +  40  °C.  For  the  wavelength 
4580  A  (cw  Ar  ion  laser  line)  8  =  9. 9  cm*‘  for  7  =  40  “C 
and  8=0.090  for  7=-  30*C;  for  the  wavelength  4880  A 
(cw  At  ion  laser  line)  8=5.3  cm*‘  at  7=40'’C  and  8 
=  0.048  cm*‘  at  7=-30*C.  The  absorption  measure¬ 
ments***  that  these  strengths  are  based  on  were  made 
with  a  resolution  of  about  4  A.  Spectral  measurements 
at  high  resolution***  (reciprocal  dispersion  of  0. 1  A/ 
mm)  show  the  absorption  throughout  the  "band"  dis¬ 
cussed  above  is  actually  a  dense  forest  of  very  sharp 
lines.  Thus  the  absorption  on  some  of  these  lines  must 
be  several  times  the  values  given  above  while  at  other 
wavelengths  the  absorption  will  vanish.  Thus  It  is  nec¬ 
essary  to  establish  that  the  laser  line  chosen  for  use 
coincides  with  an  absorption  line.  Other  cw  laser  line 
wavelengths  in  this  region  which  may  fall  in  coincidence 
with  an  absorption  line  of  NOi  are  4545  A,  4658  A, 

4727  A,  4765  A,  4965  A,  5017  A  (all  in  Ar  ion  lasers), 
4762  A,  4825  A  (both  in  Kr  ion  lasers),  and  4416  A  (in 
the  HcCd  laser). 

Since  at  present  only  Lasers  whose  emission  cat'  lie 
transmitted  at  uUralow  loss  in  glass-fiber  wavcuni'U  s 
would  3Com  lo  be  of  Interest,  we  will  not  give  deia.ud 


J  Aooufl.  Soc  Am..  Vol.  59,  No.  6.  Juno  1976 


E-12 


I/*. 


li 

I 


14‘M  (->.  A.  Kiainnun  and  O.  f.  Ntlion;  The  ptiotopl)ona-an  optical  Maphona  raoeivar 


1494 


consideration  to  infrared  lasers  such  as  the  CO  and  CO( 
Users.  However,  it  should  be  remarked  that  in  the  5- 
and  10- wavelength  regions  characteristic  of  these 
lasers  there  are  many  gases  with  strong  vibrational- 
rotational  absorption  bands.  We  have  been  unable  as 
yet  to  find  a  gaseous  absorber  suitable  for  use  with  the 
Ga-Al-As  heterostructure  injection  laser  (-8800-9000 

A). 
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The  physical  design  of  the  response-equalizing  components  of  the  acoustic  tran5former<oupled  phoiophone 
is  presented.  Two  possible  equalizers  for  the  absorption  cell— a  gas  column  and  a  loaded  diaphragm-are 
discussed;  one  equalizer  for  the  earpiece,  consisting  of  a  diaphragm  and  screen,  is  also  discussed.  The 
optimization,  equalization,  and  physical  realization  of  a  direct-coupled  photophone  (one  not  containing  an 
exponentially  tapered  tube  acting  as  an  acoustic  transformer)  is  also  presented.  It  is  found  that  its  response 
is  poorer  than  the  transformer-coupled  photophone  by  25  d8. 

Subject  Classirication:  143185.76.  1 43 1  85.40,  (43 185.60. 


LIST  OF  SYMBOLS 

a 

radius  (cell,  gas  column,  tubes,  dia¬ 

S 

flow  (cm*  sec'*) 

phragm) 

St 

sound  flow  source,  see  Eq.  (37),  KN :  I 

A 

area 

S 

entropy 

b 

length  (gas  column,  tubes);  radius  of  load 

t 

time,  thickness 

ring 

T 

absolute  temperature  (£),  transformer 

B 

=  £9/12(1  -  a*),  £9  =  Young’s  modulus. 

Txi... 

.  ,7’22  transformer  matrix,  see  Eq.  (B9),  KN :  I 

(7  =  Poisson’s  ratio 

u,v 

see  Eq.  (B7),  KN:I 

c 

sound  speed 

V 

volume  (cm*) 

C 

as  subscript  denotes  cell 

w 

as  subscript  denotes  cell  wall 

c. 

specific  heats  at  constant  pressure,  con¬ 

w 

wall  reflectivity 

stant  volume 

w(r) 

diaphragm  displacement 

C.i, . . 

.  ,Cj2  matrix  [cl,  see  Eq.  (3),  KN:I 

X 

distance  along  tube 

d 

see  Eq.  (38),  KN:  I 

X 

reactance  (g  sec*'  cm'*) 

E 

as  subscript  denotes  earpiece 

^g(«) 

diaphragm  reactance 

fj 

frequency  (Hz);  resonant  frequency 

y 

see  Eq.  (50),  KN :  I 

F 

diaphragm  reactance  function,  see  Eq. 

ru) 

distributed  admittance  (cm*  sec  g'*) 

(B6) 

g 

=  p/s  impedance  (g  sec'*  cm"*) 

g{k) 

see  Eq.  (19),  KN:I 

characteristic  impedance  of  tube,  see  Eq. 

see  Eqs.  (38),  (55),  (54),  KN:I 

(BIO),  KN:I 

Gi(w),  C2((d)  equalization  factors,  see  Appendix  A 

*1 

characteristic  impedances,  see  Eq.  (20), 

h 

porosity,  see  Eq.  (44) 

KN:I 

h(k) 

sec  Eq.  (19),  KN:  I 

ZM 

distributed  impedajice  (g  sec"*  cm"*) 

response  function,  see  Eq.  (8),  KN :  I 

z 

impedance 

(HJ 

smoothed  response  function,  see  Eq.  (31), 

a 

exponential  taper,  see  Eq.  (Bie),  KN  ;I 

KN;1 

0 

optical  absorption  coefficient;  acoustic 

I 

sound  intensity,  see  Eq.  (5),  KN ;  I 

propagation  constant 

J 

diaphragm  stress  function,  see  Eq.  (B12) 

y 

=  Cf/Cy(y^  refers  to  air) 

k 

=  w/c 

r' 

Klrchhoff’s  constant  Eq.  (B15),  KN  ;  I 

1 

length  (acoustic  tube,  port) 

A 

see  Eq.  (B22),  KN  ;  I 

L 

inertance  (g  cm'^),  see  Appendix  A, 

( 

see  Eq.  (45) 

KN:1 

V 

viscosity  coefficient  (dyn  sec  cm'*) 

m 

diaphragm  loading  mass 

K 

thermal  conductivity  (erg  sec'*  cm'*  K'*) 

m.,n 

see  Eqs.  (B19),  KN:1 

P 

=  rj/p  (cm*  sec'') 

n 

number  of  tubes  in  porous  leak 

v 

=  yK/pC,(cm*  sec'*) 

/> 

pressure  (dyn  cm'*) 

( 

see  Eq.  (B21),  KN:I 

A) 

=  1.013xlo*(dyn  cm'*)  atmospheric  pres¬ 

p 

density  (g  cm'*) 

sure 

Pt 

diaphragm  density 

P,Pw, 

Pq  optical  power  (erg  sec''),  see  Eq.  (1), 

(7 

Poisson’s  r.atio  in  .Appendix  B 

KN:  I 

T 

relaxation  time  (sec) 

4 

=  p*'*/2/ 

9 

=/// 

Q 

diaphragm  loading  parameter  see  Eq. 

* 

see  Eq.  (28),  KN  :  I 

(D8);  heal  in  AppendL\  C,  KN ;  I 

X 

see  Eq.  (44),  KN  ;  I 

»'o 

see  Eq.  (BIO),  KM:  1 

see  Eq.  (28 1,  K.4  :  1 

»U), 

i,  >2  see  Eq.  (B16),  KN  :  1 

(jj 

=  27/ angular  frequency  (sec'*) 

R 

resistance  (g  sec''  cm'*) 

n 

sec  Eq.  (B7) 
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INTRODUCTION 

In  the  preceding  paper,  ‘  which  will  be  referred  to  as 
KN:I,  we  presented  the  design  principles  of  the  photo¬ 
phone,  a  telephone  receiver  which  produces  voice-band 
sound  in  an  earpiece  directly  from  a  power- modulated 
light  wave  from  an  optical  fiber  via  the  optoacoustic  ef¬ 
fect,  The  optimization  of  the  response  of  the  photo¬ 
phone  for  a  given  optical  input  was  also  presented. 

This  led  to  the  absorption  cell,  that  produces  the  sound, 
being  very  smali  (~  10*’  cm’)  and  being  coupled  to  the 
earpiece  volume  by  an  acoustic  transformer  in  the 
form  of  an  exponentially  tapered  tube.  The  resulting 
design  is  referred  to  as  a  transformer-coupled  (TC) 
photophone.  Consideration  was  also  given  to  equaliza¬ 
tion  of  the  response,  that  is,  making  it  flat  versus  fre¬ 
quency  to  within  3  dBover  the  voice  band  300-3300  Hz. 
This  was  accomplished  by  adding  equalizers  between 
the  absorption  cell  and  acoustic  tube  (EQl)  and  between 
the  acoustic  tube  and  the  earpiece  volume  (EQ2).  The 
equalizers  were  represented  in  the  analysis  of  KN ;  1  by 
impedances  of  simple  form— no  specific  physical  real¬ 
izations  for  equalizers  were  considered  there.  We  as¬ 
sume  the  reader  is  acquainted  with  at  least  the  Sum¬ 
mary  Section  of  KN ;  I. 

In  this  paper  wo  go  on  to  consider  two  further  as¬ 
pects  of  the  photophone.  First,  in  Sec.  n  we  present 
design  criteria  for  specific  physical  equalizers  that 
approximate  the  performance  of  the  idealized  equal¬ 
izers  assumed,  in  the  previous  analysis.  For  EQl  both 
a  gas  column  and  a  loaded  diaphragm  will  be  consid¬ 
ered;  for  EQ2  a  combination  of  a  diaphragm  and  a 
screen  will  be  considered.  Two  Appendixes  support  the 
physical  design  discussion. 

The  second  aspect  to  be  considered  is  a  comparison 
to  a  direct-coupled  (DC)  photophone,  that  is,  a  photo- 


sou  no 


FIG.  1.  The  cell  with  g.is-column  equalizer  and  equivalent 
Circuit. 


FREQUENCY  (HZ) 


FIG.  2.  Response  of  the  air-column-equaiized  photophone  with 
no  earpiece  equalization.  Curve  (a)  gives  response  for  a  purs 
ioert.ince  equalizer,  curve  (b)  gives  Eq.  (1)  for  the  air  coiumn 
and  ceil  Eq.  (6),  curve  (c>  gives  the  smoothed  response  for  no 
equalization  (see  curve  (c)  of  Fig.  4  of  KN  :I|. 


phone  without  the  tapered  tube  acoustic  transformer. 

In  Sec.  in  we  present  the  optimization,  the  equalization, 
and  the  physical  design  of  the  DC  photophone.  This 
device,  though  simpler  than  the  TC-photophone.  has  a 
poorer  sensitivity  than  the  latter  by  25  dB.  This  dem¬ 
onstrates  the  importance  of  the  tapered  tube. 

I.  REALIZATION  OF  EQUALIZERS 

The  simplest  physical  model  of  an  equalizer  between 
the  cell  and  the  input  to  the  tapered  tube  (EQl)  is  a  col¬ 
umn  of  gas  as  shown  in  Fig.  1.  The  matrix  for  a  gas 
column  was  developed  in  Eq.  (El 2)  of  KN ;  I.  It  is  equiv¬ 
alent  to  that  of  the  pi-circuit  shown  in  Fig.  1  with  X,  Z 
given  by  Eq.  (B13)  of  KN:I.  The  general  equivalent 
circuit  of  the  photophone  is  given  in  Fig.  2  of  KN :  I. 

shall  treat  the  effect  of  equalizers  on  the  basis  of  a 
simplified  circuit  as  shown  in  Fig.  1  in  which  the  input 
to  the  taper  .Ki  tube  is  regarded  as  the  characteristic 
impedar.;;'  z,.  We  call  this- the  method  of  cquatizjtioii 
factors;  a  full  discussion  is  given  in  .tppendLx  A.  The 
response  of  the  photophone  has  been  defined  in  Eqs.  (71 
and  (8)  of  KN :  I;  the  frequency  response  function 
contains  structure  due  to  standing  wave  rcsominres  in 
the  tube  which  is  of  no  interest  here,  so  we  shall  work 
with  the  smoothed  response  function  introduced  in 
Eq.  (31)  of  KN :  I.  According  to  our  method  the  effect  of 
EQl  on  the  frequency  response  function  {Hj/  is  given  by 

-  (ffw)MZQ  Ol(tu)  ,  (l) 

where  is  the  response  function  with  no  equaliza¬ 

tion,  curve  (c)  of  Fig.  4  of  I<^.' :  I,  xnd 

f;,(v')- Kc,(.':Q)/s-,(neq'),’  .  (2) 

is  the  ctfiiiitic,ii:o:i  f  imr  c  ilculated  I'  Oiii  the  einuil  I'l' 
Fig.  1,  In  Lq,  (2)  the  volume  flow  is  c.iUul.Ued 

for  the  c'rcuit  shi.'wn,  .'.,(N'EQ)  is  c.ilcu'.aied  for  .  -  0, 
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FIG.  3.  The  cell  with  loaded-diaphragm  equalizer  and  equiva¬ 
lent  circuit.  Proportions  agree  with  Eqa.  (IS)  and  (16). 


X  =«o  and  an  air-fllled  cell  of  volume  ^'c  -2.5xl0*’  cm’ 
as  called  for  in  Eq.  (32)  of  KN :  I.  Here  we  shall  as¬ 
sume  an  air-filled  cell  of  volume  of  the  order  1  xlO*’cm’, 
the  exact  value  to  be  determined  so  as  to  achieve  equal¬ 
ization.  The  optoacoustic  effect  produces  the  volume 
flow  source  in  Fig.  1  given  in  general  by  Eq.  (37)  of 
KN :  I.  Although  s^  depends  on  Vf.  through  the  disper¬ 
sion  function  IC„  l’  (which  results  from  the  finite  ther¬ 
mal  relaxation  time  of  the  absorption  cell),  the  change 
to  IC„I’  over  the  range  of  we  need  to  consider  is  un¬ 
important  and  will  be  neglected.  Then  is  the  same  as 
that  in  (tf„)NEg  cancels  out  of  C,(oj).  Thus  the  sim¬ 
ple  circuit  is  only  used  to  compute  ratios,  the  absolute 
response  being  determined  by  In  practice  we 

further  simplify  the  circuit  by  replacing  C|-  |Z|  i, 
where  from  Eq.  (20)  of  KN ;  I 

z,—  |zt|  =cp/vrj  =  1.02x10*  g/sec  cm*.  (3) 

It  is  shown  in  Appendix  A  that  the  error  in  using  Eq.  (3) 
is  unimportant. 


The  solution  of  the  circuit  of  Fig.  1  is 

\®l/EO  \  *c/  *C  ■^  \  ^  *C/  ^ 


‘cosffb - ®sim3i> 

Ac 


-t(’‘ 


sintUlf  + 1  ^  cosffd 


(4) 


where  (3,  Aq  ihe  propagation  constant  and  character¬ 
istic  impcd.ance  of  the  gas  column  given  by  Eqs,  (310) 
of  KN ;  1.  The  real  and  imaginary  parls  of  ;)  and  Zg  are 
given  for  air  in  Figs.  6-9  of  Kef.  2.  For  we  have 
aspunu'd  the  form  Eq.  (A22)  of  KN ;  I  using  t  calculated 


from  Eq.  (A17)  of  KN ;  I  for  a  sphere  of  air  of  volume 
Vf..  This  Includes  dissipation  in  the  cell  and  therefore 
is  more  general  than  Eq.  (22)  of  KN;  I  used  in  the  analyt¬ 
ical  model.  However,  it  turned  out  that  the  effects  of 
the  dissipation  to  be  expected  from  air  are  unimportant. 
The  possibility  exists  that  the  presence  of  the  solid  ab¬ 
sorber  in  the  cell  would  significantly  reduce  the  relaxa¬ 
tion  time  T  and  make  the  dissipation  more  important. 
Setting  Z  =  0,  Z  =  «,  Fc -2. 5x10*’ cm’ and  using  Eq. 

(3)  we  obtain  from  Eq.  (4) 

(Si./S|)Kta  =  l+1.28xl0**/*,  /In  hertz.  (5) 

We  have  computed  Ci(u)  from  Eqs.  (2),  (4),  and  (5) 
for  an  optimized  air  column.  The  best  equalization  we 
were  able  to  obtain  is  shown  in  Fig.  2(b)  corresponding 
to  the  following  specifications: 

o=0.02,  6  =  1.80  cm,  Eg  =  7. 5 x  10**  cm’ .  (6) 

Comparing  curves  (a)  and  (b)  we  see  that  the  air  column 
falls  well  short  of  the  performance  of  an  hypothetical 
pure  incrtance  in  providing  equalization.  Nevertheless, 
it  does  provide  a  worthwhile  improvement  in  the  high 
end  of  the  band,  and  can  provide  equalization  (flatness 
within  3  dB)  with  the  aid  of  about  1 . 5  dB  fiom  the  ear¬ 
piece  equalizer,  an  amount  easily  realized.  Curve  (c) 
of  Fig.  2  is  QtJmaf  identical  with  curve  (c)  of  Fig. 

4  of  KN :  I.  Comparing  curves  (b)  and  (c)  shows 
that  the  air  column  gives  6-dB  improvement  at  3300 
Hz. 

A  diaphragm  can  give  a  higher  performance  than  an 
air  column,  and  in  addition  can  serve  the  second  func¬ 
tion  of  sealing  the  cell  to  keep  out  dirt  and  moisture  or 
retain  a  special  gas  in  the  cell.  Figure  3  shows  a  pos¬ 
sible  physical  configuration  for  a  cell  with  EQl  provided 
by  a  diaphragm  (clamped  plate).  The  acoustic  impe¬ 
dance  Z  =  tX|(u))  of  a  flat-loaded  diaphragm  is  reviewed 
in  Appendix  B.  The  reactance  A'e(w)  of  a  flat-loaded 
diaphragm  is  given  by  Eq.  (B6).  The  structure  of  such 
a  diaphragm  and  our  notation  is  shown  in  Fig.  4.  The 
dimensionless  reactance  function  F  appearing  in  Eq. 

(B6)  is  plotted  in  Fig.  5  for  the  case  we  have  found  to 
be  optimum. 

The  solution  of  the  circuit  of  Fig.  3  is 


DIAPHRAGM 


FIG.  4.  Det.Tils  of  the  ring -loaded  diaphr.asm  of  Fi;;  3.  Also 
shown  l.s  the  displacemunt  for  frequencies  greater  ll..-.n  'U'COC 
l!z  wlirrc  the  diaphragm  reacts  iucrtially. 
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a 

FIG.  S.  ReacUoce  function  F  defined  In  Eq.  (B6)  for  loaded 
diaphragm  with  Q  =  35,  b/a  =  0.47.  Also  shown  (dashed)  is 
10*xJ(ti)  where  J(0)  Is  the  stress  function  appearing  in 
Eq.  (B12)  and  Eq.  (17). 


yoPo 


(7) 


where  v'  has  been  neglected,  Eq.  (All)  of  KN;  I  and 
Eq.  (3)  have  been  used,  and  the  cell  has  been  assumed 
to  be  air  filled.  We  define  the  resonant  frequency  3i  by 
the  relation 


1  +  (  Vc/YsPs)  Wj X<(u),)  =  0  . 

(in  the  design  that  we  shall  obtain  Eq.  (8)  has  only  a 
single  solution  in  the  desired  band.  ]  It  follows  from 
Eqs.  (8),  (08),  and  (B7)  that 

■  a* 

t  bll 


(8) 


(9) 


and 


TABLE  I.  Density  p^,  fleaural  modulus  B  =  E,/12(l  -o^),  and 
fatigue  limit  stress  T,,  for  various  materials.  Here  B  has 
been  calculated  from  Young’s  modulus  using  o°0.33. 
Values  of  T„  in  parenthesis  have  been  estimated  by  taking  i 
the  rupture  stress. _ _ 


tlilK/cm’) 

0(dyn/cni’) 

r,,'dya^cra*» 

Tenoo* 

2.2 

3.8«  lO' 

(2.««10') 

1.4 

».0xl0'‘ 

PMMA* 

i.2 

2.4>'  10* 

1.4x10* 

t.o 

3.7xl(r* 

At  7075-T6 

2.8* 

•  .7x10'*' 

1.4xl0*‘ 

14.0 

».9xl0'’ 

<146 

7.9* 

1.8x10"' 

3.2-10*' 

4.7 

2.0X10'’ 

Phoa.  bronze  8V 

B.8 

9.2x10" 

1.9x10* 

2.6 

1.2x10'’ 

Potyftyrene* 

1.1 

3.3x10* 

(l.Sxlo'l 

12.0 

*D.  F.  Miner  and  J.  B.  Seastonc,  Handbook  of  Engineering 
Materials.  1st.  ed.  (Wiley,  New  York,  1955),  p.  3-208. 
*Ref.  a,  p.  3-198. 

‘Ref.  a,  p.  2-233. 

*Re(.  a,  p.  2-237. 

•Hef.  a,  p.  2-140. 

'Ref.  a,  p.  2-132. 

•Ref.  a,  p.  2-T34. 

Mlcf.  a,  p.  3-ili. 


FHEOUENCY  (Mr) 

FIG.  6.  Response  of  di.aphragm-cqualized  photophone.  Curve 

(a)  gives  Eq.  (1)  (left  scale)  for  cell  diaphragm  Eq.  (IS)  and  no 
earpiece  equalization.  Curves  (b),  (c)  are  the  same  as  curves 

(b)  and  (c)  in  Fig.  4  of  KN :  I.  Curve  (d)  shows  Eq.  (23)  (or 
cell  diaphragm  and  earpiece  diaphr^m  specified  by  Eq.  (37). 
SPL  sc^e  refers  to  2.  S-mW  input. 


it  FC*"t 


where  F  and  (1  are  evaluated  at  m  =  uii. 
and  (8) 


(10) 

From  Eqs.  (7) 


(ID 


o/n=(u'/w,)‘'*  . 


G|(iii)  can  now  be  computed  from  Eqs.  (2),  (5),  and  (11) 
and  a  computer  program  which  gives  F{il,  Q,  b/a).  The 
general  nature  of  F  is  discussed  in  Appendix  B.  We  re¬ 
gard  7i  =  3100  Hz  and  r,  =0.036  cm  as  prescribed  ac¬ 
cording  to  Eq.  (32)  of  KN ;  I;  still  to  be  determined  are 
Vc.  n,  Q,  b/a,  and  the  diaphragm  material. 


Table  Mists  selected  values  of  Pt,  B,  and  for  var¬ 
ious  materials  that  might  be  considered  for  the  dia¬ 
phragm,  assuming  in  Cc  ihe  volume  =  cm’ 

as  used  in  Eq.  (32)  of  KN;  I.  The  order  of  magnitude 
of  Cc  immediately  rules  out  the  unloaded  diaphragm, 
which,  if  made  of  any  ordinary  material,  could  not  pro¬ 
vide  the  required  inertance  without  being  too  stuf. 
Doming  the  diaphragm  would  increase  the  stiffness. 
Thus  the  domed  diaphragm  used  in  telephone  receivers 
for  many  years’**  to  avoid  the  antiresonances  (if-*°°)  of 
the  flat  diaphragm  is  inappropriate  here.  Thus  it  is 
clear  that  heavy  loading  Q  »  1  is  required,  which  dic¬ 
tates  choosing  a  light  material  for  the  diaphragm,  poly¬ 
styrene,  and  a  heavy  material  for  the  loading  ring,  gold. 
For  polystyrene  Eqs.  (9)-(ll)  become 

a*// =  2. 80*,  (12) 

-  r/n*  =0.030  em’/Vp  ,  (13) 

and  Eq.  (5)  rcm.nins  valid. 


The  best  equalization  we  could  achieve  by  trial  calcu¬ 
lations  and  adjustments  of  the  parameters  0,  9.  b/n  is 
shown  in  Fig.  6  curve  (a),  which  corresponds  tc  the 
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FIG.  7.  Earpiece  with  diaphragm  and  screen,  and  equivalent 
circuit. 


F{(1)  Shown  in  Fig.  S,  and  the  specifications 

0  =  2.40,  Q  =  35,  d»/rt=0.47, 

re  =  2.64xl0'’cm’ ,  (15) 

a*//  =  16. 1  cm  . 

The  frequency  band  300-3300  Hz  is  indicated  in  Fig.  5; 
it  will  be  seen  that  this  band  is  approximately  centered 
between  0  =  0  and  0  =  3. 387  where  IF  I  —  «> .  Curves  (b) 
and  (c)  of  Fig.  6  are  taken  from  Fig.  4  of  KN ;  I;  they 
represent,  respectively,  the  response  with  the  optimum 
pure  inertance  equalization  and  with  no  equalization. 

Note  that  although  equalization  has  been  achieved  in 
curves  (a),  the  level  lies  below  curve  (c)  at  low  fre¬ 
quencies  less  than  1000  Hz.  This  is  because,  as  Fig. 

5  shows,  the  diaphragm  ceases  to  act  like  an  Inertance 
(F<  0)  lor  /  <  1000  Hz  and  becomes  stiffness  controlled 
like  a  capacitance. 

A  possible  set  of  specifications  lor  the  loaded  dia¬ 
phragm  is  the  following: 

a  =  0.127,  1  =  1. 00x10'’ cm  (polystyrene) 

l'  =  l''  =  0.0109,  6=0.060  cm  (gold)  (16) 

m  "B.OxlO"*  g  (gold). 

Figure  4  shows  the  structure  approximately  to  propor¬ 
tion.  Also  shown  is  the  displacement  fi;()-)  for  frequen¬ 
cies  in  the  inertial  range  1000  <  /  <  3300  Hz.  The  ring 
is  segmenlC'd  to  avoid  siiffeniiii.';  tla-  di.aphragni.  Figure 
3  sliows  appro.'ciuiutcly  io  ptoporlion  this  di.iphragm  in¬ 
stalled  at  the  base  of  ,i  conical  absorption  cell  of  volume 
Fc  =  2.6vl0'’  The  conical  shape  is  dictated  by  the 
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values  of  a  and  The  volume  V" ,  neglected  in  Eq. 

(7),  in  the  design  shown  is  about  1  x  lo*’  cm’  corre¬ 
sponding  to  an  impedance  z'-TxlO*  g/sec  cm*  about 
seven  times  greater  than  Iz,  I  given  by  Eq.  (3)  at  the 
highest  frequency  of  interest  3300  Hz.  This  justifies 
neglecting  F'. 

We  have  considered  the  concentration  of  tensile 
stress  in  the  diaphragm  at  the  loading  ring.  The  theory 
of  this  stress  is  given  in  Appendix  B.  The  ma-ximu.m 
permissible  flow  s„(ui)  is  given  by  Eq.  (B12)  in  terms 
of  a  computer  calculated  function  J  and  the  fatigue  limit 
tensile  stress  F.  of  the  material.  The  function  10*  xy 
for  the  diaphragm  Eq.  (15)  is  plotted  in  Fig.  S.  Table  I 
lists  values  of  r„,  some  of  which  are  measured  values 
from  fatigue  tests  and  others  are  estimated  as  one- 
quarter  the  rupture  stress.  The  fatigue  stress  relevant 
here  is  that  for  completely  reversed  stress  indefinitely 
cycled.  'He  use  Eq.  (B12)  to  estimate  the  maximum  op¬ 
tical  power  CJ^\P^  \  which  can  safely  be  applied  to  the 
diaphragm.  In  making  this  estimate  we  take  Sc~Si_  in 
Fig.  3,  C,^~l,  IG„I-1  in  Eq.  (37)of  KN:I,  and  obtain 

=  (7xlo’  erg,^sec)</  .  (17) 

We  see  from  Fig.  5  that  the  smallest  values  of  J  occur 
at  the  low  and  high  ends  of  the  band  where  </*’0.07;  thus 

Ca  I  I  <  5  X 10’  erg/sec  =  50  mW  .  (18) 

Figure  7  shows  the  earpiece  with  both  a  diaphragm 
and  screen  (or  grid).  If  a  diaphragm  is  used  either  to 
seal  the  end  of  the  tube  or  to  act  as  EQ?,  the  screen 
would  be  needed  to  protect  it  from  damage.  If  no  dia¬ 
phragm  is  used,  the  screen  alone  can  act  as  EQ2.  The 
small  volume  V"  between  diaphragm  and  screen  can  be 
neglected.  Consider  first  the  screen  alone;  the  re¬ 
quired  value  of  f.'  is  given  by  Eq.  (25)  of  KN :  I 

i'=Z,,  =  y,/>i,/F,<:^=6.23xl0'*  gem"*  (19) 

for  a  resonant  frequency  =  3100  Hz.  If  the  screen  has 
radius  thickness  t,  and  porosity  h  (ratio  of  open  to 
total  area),  the  inertance  according  to  Eq.  (A8)  of  KN :  I 
is  approximately  given  by 

f>'  =  (Po</"r|/t)  +  (p9/4rj)  ,  (20) 

where  the  first  term  is  the  inertance  of  the  air  in  the 
pores  of  the  screen  and  the  second  term  corrects  for 
the  spreading  of  the  flow  into  the  volume  F*.  One  pos¬ 
sible  design  satisfying  Eqs.  (19)  and  (20)  is 

A  =0.21,  f=0.1  cm  .  (21) 

The  realization  in  this  case  is  perfect,  which  is  to  say 
that  it  corresponds  exactly  to  that  assumed  in  the  .ana- 
lytical  model  of  Fig.  3  and  Eq.  (22)  both  in  KN :  I. 

Now  assume  that  EQ2  is  to  be  realized  by  a  dia¬ 
phragm,  the  screen  L'  being  negligible;  this  is  easy  to 
arrange,  e.g. ,  by  taking /i  =0. 8.  /  =0.05  cm.  We  t.akc 
Fr=6  cm’  and  )-2  =  0.85  civ.  from  Eq.  (32)  of  KN  :  I.  In 
the  circuit  of  Fig.  7  the  sound  inuismiltcd  dovn  the  tube 
is  repl.nccd  by  an  equivalent  pressure  source  />,  in  se¬ 
ries  with  the  impedance  **.  Tins  procedure  is  ju.si.uied 
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FIG.  8.  Reactance  function  Eq.  (B9)  for  unloaded  diaphragm, 
and  pure  inertance  function  Eq.  (BIO). 


in  Appendix  A.  The  equalization  factor  is  defined  by 
C,M=|/)e(EQ)//)s(NEQ)|*  .  (22) 

and  the  overall  smoothed  response  is  given  by 

,  (23) 

where  is  curve  (c)  of  Fig.  6.  We  do  not  need 

the  value  of  pt,  lo  compute  G^iw).  As  in  Eq.  (3)  we  shall 
replace 

s*  **  ls*l  =tpAr|  =  18.4  g/sec  cm*  (24) 

which  is  justified  in  Appendix  A.  Thus 


\Pm)kq  4*  ’ 

where  Zg  is  given  by  Eq.  (All)  of  KN :  I. 
write  for  generality 


(25) 


For  Z  we 


Z"  =/!-*  + («<)-'  , 


(26) 


where  R  is  the  resistance  of  an  optional  small  leak  in 
the  center  of  the  diaphragm,  and  Z  =  iX^  is  the  diaphragm 
impedance  without  a  Ic-ak.  We  define  tiie  resonant  fre¬ 
quency  Wj  just  as  in  Eq.  (8) 


l+(F,/y,/>,)«,X,(u.,)=0  ; 

(27) 

it  follows  that 

a*_fi*(B/p,)‘'* 

1  w. 

(28) 

(29) 

exactly  as  in  Eqs.  (9)  and  (10).  The  equation  analogous 
to  Eq.  (11)  can  be  written 


1^1  iQ  °  "  1  <  ( w/Kr<p )*]  *  1  +  (^vTii^]  ' 

.  (3 

where 


g»=w/w  =  (n/n)*  ,  \V(,p)^,pF/F  ,  (31) 

X«/l/!r,l  ,  r-27,V,/r,rl  .  (32) 


For  no  equalization  Z  -  0, 


C,(w)  can  now  be  calculated  from  Eqs.  (30)  and  (33)  and 
computer  evaluations  of  F(fl,  Q,  b/a). 

The  values  ot  €g  for  various  materials  are  listed  in 
Table  I  assuming/,  =  3100  Hz,  FB=6cm\  The  order 
of  magnitude  of  €g  is  consistent  with  an  unloaded  dia¬ 
phragm.  The  reactance  function  for  the  unloaded 
diaphragm  is  given  by  Eq.  (B9)  and  plotted  in  Fig.  8. 
The  dashed  curve  is  Fggiil)  given  by  Eq.  (BIO)  repre¬ 
senting  a  freely  moving  piston  of  the  same  area  and 
mass  (i.  e. ,  a  pure  inertance).  We  see  that  the  dia¬ 
phragm  is  similar  to  a  piston  only  over  certain  narrow 
ranges  of  n  near  the  intersections  of  Fo(n)  and 
Therefore  we  choose  one  of  these  intersections  to  cor¬ 
respond  to  the  desired  resonant  frequency  /,  near  3100 
Hz 

0  =  13.33,  J',  =  -178,  c,=  5.64x10-*  .  (34) 

Again  we  choose  polystyrene  for  the  diaphragm;  it  fol¬ 
lows  from  Eqs.  (29)  and  (32)  that 

7,  =  2058  Hz,  r  =  1.44,  (35) 

and  Eq.  (28)  becomes 

a*A  =  519  cm.  (36) 

Since  the  diaphragm  is  mounted  at  the  end  of  the  tube, 

a  =  r,  =0.85,  1  =  1.39x10'*  cm  (polystyrene).  (3T) 

Curve  (d)  of  Fig.  6  shows  the  overall  smoothed  re¬ 
sponse  Eq.  (23)  for  the  two  diaphragms  characterized 
by  Eqs.  (16)  and  (37).  The  three  antiresonances  in  Fig. 
8  lying  below  0  =  13.33  show  up  in  (HJ>  as  very  sharp 
holes  in  the  response  at  frequencies  579,  1411,  and 
2569  Hz.  These  holes  go  to  zero  if  there  is  no  leak 
(A— •«)  in  the  diaphragm;  the  case  plotted  corresponds 
to  A=  10.  Equalization  is  achieved  apart  from  these 
holes,  and  the  earpiece  diaphragm  significantly  raises 
the  level  of  response  in  the  range  1000  >  /  <  3300  Hz. 

We  do  not  know  if  the  holes  would  give  the  photophone 
an  objectionable  tone  quality,  but  we  note  that  the  effect 
of  such  holes  is  probably  inversely  proportional  to  the 
number  of  holes,  and  for  many  years  the  standard  tele¬ 
phone  receiver*  had  a  single  antiresonance  in  the  band. 

II.  DIRECT-COUPLED  PHOTOPHONE 

In  order  to  determine  the  efficacy  of  the  exponentuilly 
tapered  tube  in  the  optimized  transformer-coupled  (TO 
photophone  it  is  necessary  to  consider  what  is  the  best 
response  from  an  equalized  pholophone  tlial  does  noi 
contain  such  a  tube,  which  we  call  a  direct- coupled  (DC) 
photophonc.*  The  optimized  OC-photophone  structure, 
which  \t  ill  now  be  discussed,  is  shown  in  Fig.  9  aioiig 
with  its  equivalent  circuit. 

In  our  consideration  of  this  circuit  we  will  ignore  1."' 
since  this  is  not  helpful  for  equalization.  Since 
wo  also  ignore  V'e)  thus  -v  -St-  The  solution  of  the  cn- 
cuit  is  tlicn 

^  =  (Z  '  y-Zg)  *  ,  (38) 
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FIG.  9.  The  direct-coupled  photophoae  includlag  the  equalizer 
EQ. 


where  Zg  Is  given  by  Eq.  (All)  of  KN;  I  and 

Z=i?-iwL=iJ-iw(Z,'+L'')  (39] 

is  the  impedance  of  the  porous  leak  and  port.  We  de¬ 
fine  the  resonant  frequency  w  and  damping  parameter 
Oby 

6  =R/(t)L  . 

The  response  may  be  expressed  in  terms  of  //„  accord¬ 
ing  to  Eq.  (12)  of  KN ;  I  with 


The  case  of  no  equalization  corresponds  to  6-  «.  The 
cell  is  large  so  we  can  safely  assume  I* » 1;  it  is 
also  reasonable  as  in  Eq.  l32)  of  KN :  I  to  set  6'J  « 1  for 
an  air  photophcnc.  We  have  found  the  best  equalized 
response  for  the  case  (using  =6  cm^) 

7-3705  Hz,  a  =  l. 73  , 

/1-17.6  g/sec  cm*,  Z.  »4.  36  x  10’*  g  cm'*  . 

The  resulting  /f,,  is  plotted  as  curve  (a)  of  Fip.  10.  The 
unequalized  response  is  shown  in  curve  (b),  which  var¬ 
ies  like/'".  We  regard  such  iui  unequalized  response 
curve  as  completely  unsatisfactory  (or  use.  Comparing 
curves  (a)  and  (c)  shows  thaC  the  equalized  DC  phuto- 


phoiie  is  down  from  the  equalized  TC  photophonc  by 
about  25  dB;  this  means  that  the  sound  level  of  81  dB 
SPL  [see  defining  Eq.  (6)  in  KN :  l|  can  be  produced  with 
the  optical  Input  (the  sensitivity) 

C^|P„l=51mW.  (43)^ 

It  should  be  possible  to  achieve  a  utilization  factor  C., 
-1,  This  sensitivity  of  the  DC  photophone  (51  mW)  is 
to  be  compared  to  the  2.8-mW  sensitivity  of  the  TC 
photophone  (filled  with  air).  This  comparison  proves 
the  importance  of  the  acoustic  tube  transformer. 

The  question  remains  as  to  the  actual  physical  nature 
of  the  porous  leak,  its  dimensions,  the  dimensions  of 
the  port,  and  the  feasibility  of  incorporationg  these  into 
a  telephone  receiver.  Consider  a  bundle  of  n  parallel 
tubes  of  length  b  «  fe'*  and  radius  a  «  b;  neglecting  end 
effects  we  obtain  for  the  impedance  R  -  tuiL'  of  the  bun¬ 
dle,  according  to  Eq.  (A9)  of  KN :  I, 

L'  =(4/Zn)(p/va*)b  , 

R  =  (6/n)(pp/ita*)b  . 

It  follows  that 

fl  =  (6*ii//i)‘'*<‘'*  , 

5=(9»/2)(Z.V/«P)«€*  ,  •  (45) 

€‘L'IL  . 

The  tubes  are  holes  drilled  in  a  plate  of  thickness  b  and 
area  A;  define  the  porosity  (cavity  factor) 

h  ^nvef/A  , 

,  '  (46) 

0<lr<ir/2/3-0.907  . 

The  upper  limit  Tr/2  /3  corresponds  to  the  close  packing 
of  circles.  Now  assume  that  the  port  has  area  .4  and 
length  /;  neglecting  end  effects  we  obtain  from  Eq.  (A8) 


ISO  300  600  1000  2000  4000 

FREQUENCY  (HZ) 

FIG.  10.  Itvsponsu  of  fX.'  pnotuplione.  Curve  u)  sne>vs  Ihc 
oqti.illzcd  DC  pfiotnphonr  ‘specified  by  Ki|.  .ind  dopii  ti'd 
in  Fiy.  9.  riirfn  0))  sl'o.vs  the  unoijuulizi'tl  rcspon.<!i-  of  ilii-  DC 
photopbone,  curve  ',c)  i'u  vs  tlic  ,vuic  iiiorur.cc  ci|ualir.cc!  rt- 
sponEe  of  Ibi  TC  photophcnc  for  coinp.inson  (rinve  .is  curve 
(k)  I-'if:.  2). 
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Of  KN:I 

L''‘pl/A  .  ^  (47) 

R  follows  that 

••  f»(6»A)(L*>i//tp)«<(l -<)  .  (48) 

We  choose  e  =0.5  to  maximize  /;  we  then  have 

a  =  (3pL/«)‘'*  =  3.30xlO-’  cm  . 

/  =  (3ir/2/i)(Z,*4/f<p)M=6.07xl0'‘  (n/h)  cm, 
6/f=3A/4,  (49) 

i4//  =  2p/L=5.62  cm, 
i4=3.41xlO-*(«A)  cm*. 

For  practical  reasons  I  must  be  in  the  range  2-2. 5  cm 
and  b  should  not  be  less  than  about  0.1  cm;  therefore 
we  choose  the  following  specifications  for  illustrative 
purposes: 

/-2.2  cm,  6=0.2  cm, 

i4  =12.4  cm*,  (50) 

6=0.121,  lI=4.39xlO^ 

The  area  A  can  be  achieved  if  the  port  extends  all 
around  the  circumference  of  the  earpiece  except  for 
structural  ribs.  The  perforated  plate  is  the  “porous 
teak”  of  Fig.  9. 

This  calculation  establishes  that  the  realization  of 
BQ  is  physically  possible  using  elements  of  the  approx¬ 
imate  size  and  proportion  shown  in  Fig.  9.  In  practice 
it  would  probably  not  be  economical  to  use  a  drilled 
plate  because  of  the  large  value  of  n,  but  the  desired 
acoustic  properties  could  be  obtained  using  one  of  the 
standard  acoustic  insulating  materials^'*  in  the  port. 
Alternatively  the  porous  leak  could  be  a  rigid  composite 
material  that  requires  no  drilling.  An  Interesting  ex¬ 
ample  of  this  latter  type  is  afforded  by  the  close  pack¬ 
ing  of  fibers.  Consider  a  plate  of  area  A  and  thickness 
6  formed  by  close  packed  circular  fibers  of  radius  a 
which  adhere  along  their  lines  of  contact.  The  tubes 
which  conduct  sound  in  this  case  are  the  interstices  be¬ 
tween  the  fibers.  For  this  geometry  Eq.  (46)  is  re¬ 
placed  by 

6=0.-0931,  6A/n  =0.1613  a*  ,  (51) 

Where  the  number  of  fibers  is  n/2,  the  number  of  tubes 
is  a.  An  exact  solution  is  known  for  viscosity  limited 
flow  in  triangular  ducts’;  in  the  approximation  that  the 
tubes  are  considered  as  having  an  equilateral  triangular 
cross  section  we  have 

L'=1.43(p//iA)6  ,  ^52) 

R  =34.6(p/i/6*A*)6/j  , 

which  replace  Eq.  (44).  Corresponding  to  Eqs.  (49)  we 
now  obtain 

<t  =  8.66(uL/«)‘'*=0.0165  cm, 

/  =65. 0(L*p-^/{p)»/  =8.37>  cm. 

6//  =  0. 706  =0.0651, 

A//-2p/L  =  5.62  cm, 
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A  =4.72 X  lO'Si  cm*  .  (53) 

Again  choosing  /  =  2. 2  cm  as  in  Eq.  (50)  gives  the  spec¬ 
ifications 

1*2.2  cm,  6=0.143  cm, 

.  4  (54) 

A  =12.4  cm*,  «  =2.63x10’. 

In  this  analysis  we  have  assumed  that  L"' ,  the  iner- 
tance  of  the  screen  protecting  the  absorbing  medium,  is 
negligible.  Suppose  this  screen  has  radius  a,  thickness 
t,  and  porosity  6;  then  from  Eq.  (A8)  of  KN :  I  we  ob¬ 
tain 

L'"  *{pt/htcf)^{p/Aa)  (55) 

counting  only  one  end  effect  instead  of  two.  For  illus¬ 
trative  purposes  take 

a=1.0cm,  /  =  0.1  cm,  6=0.8, 

L'"* 3. 5x10'*  gem-*,  (56) 

Vc*l  cm*; 

then  we  have 

\uL”'/zc\  =u>*L"'  Fc/>'/'#=0.1(//3300)*  ,  (57) 

with /  in  hertz.  This  justifies  our  assumption  Sc 
for  the  band  of  interest  300-3300  Hz. 


III.  SUMMARY 

In  the  preceding  paper*  (KN :  I)  we  presented  the  de¬ 
sign  principles  and  optimization  of  the  equalized  re¬ 
sponse  of  photophones  containing  either  air  or  xenon. 
The  equalizers  considered  in  that  paper  were  hypotheti¬ 
cal  ones  represented  only  by  impedances.  One  of  the 
purposes  of  this  paper  is  to  show  that  the  equalizer  im¬ 
pedances  found  necessary  in  KN :  I  can  be  obtained  from 
practical  physical  components.  Since  most  of  the  equal¬ 
ization  of  the  frequency  response  must  be  accomplished 
by  an  equalizer  between  the  absorption  cell  and  the  ta¬ 
pered  tube,  most  of  the  calculations  have  concerned  it; 
the  additional  equalization  needed  from  the  equalizer 
between  the  tapered  tube  and  the  earpiece  can  be  ob¬ 
tained  from  a  simple  tensionless  plastic  membrance  in 
conjunction  with  a  screen. 

The  simplest  physical  equalizer  at  the  absorption  cell 
is  an  air  column  shown  in  Fig.  1:  when  optimized  thi.<« 
gives  the  response  shown  by  curve  (b)  of  Fig.  2.  These 
calculations  take  into  account  thermoviscous  damping  in 
the  tube  and  air  column.  We  have  also  considered  dia¬ 
phragm  equalizers  and  arrived  at  specific  diaphragm 
designs.  Figure  3  shows  one  possible  design  appro.xi- 
mately  to  scale  for  a  cell  equipped  with  a  polystyrene 
diaphragm  loaded  with  a  ring-shaped  mass  of  heavy 
metal.  The  averaged  response  obtainable  with  this  dia¬ 
phragm  is  shown  by  curve  (a)  of  Fig.  6.  With  the  addi¬ 
tion  of  an  optimized  unloaded  diaphragm  in  the  earpiece 
the  overall  response  including  equalizer  resonances  is 
that  of  curve  (d)  ol  Fig.  6. 

We  have  also  presented  here  an  .i.nlysis  of  .iii  equ.il- 
ized  direct-coupled  (DC)  pkoiophone  in  order  to  denio.i- 
strate  tlie  importance  ef  ih"  tr.insfornicr  in  t.he 

form  of  an  exponentially  tapered  lube  present  in  the  pre- 
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ferrcd  design.  The  OC -photophone  is  shown  in  Fig.  9 
and  its  equalized  response  is  shown  as  curve  (a)  of  Fig. 
10.  Its  sensitivity  of  51  nnW compares  unfavorably  with 
&ie  sensitivities  of  the  xenon  and  air  transformer-cou¬ 
pled  (TO  photophones  which  are  0.89  and  2.8  mW,  re¬ 
spectively. 

If  optical  subscriber  loops  are  ever  installed  in  the 
telephone  network,  they  will  have  to  be  compatible  with 
the  existing  telephone  plant.  The  question  is  then 
whether  the  present  electrical  signal  power  at  the  cen¬ 
tral  office  is  sufficient  to  meet  the  sensitivity  require¬ 
ment  of  any  of  these  three  versions  of  the  photophone. 

In  a  study  to  be  published  elsewhere^**  we  consider  de¬ 
sign  requirements  of  optical  loops  including  their  inter¬ 
facing  with  the  present  telephone  plant.  We  show  in  this 
study  that  the  optical  signal  power  available  from  an 
electrical-optical  interface  at  a  central  office  could  be 
sufficient  to  meet  the  requirement  of  the  xenon  or  air 
TC  photophones  but  not  that  of  the  DC  photophone. 
Losses  in  an  optical  fiber  transmission  medium  will  be 
significant,  however,  and  will  prevent  the  use  of  the 
TC  photophone  with  fibers  greater  than  a  certain  length. 
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APPENDIX  A:  EQUALIZATION  FACTORS 

For  the  purpose  of  equalizer  design  wc  have  used 
simplified  circuits  shown  in  Figs.  1,  3,  and  7  to  com¬ 
pute  the  smoothed  response  (HJ  in  the  form 

Of  J  =<H„)k*q  C.(a>)  G,(w)  ,  (Al) 

where  QiJuma  is  curve  (b)  of  Fig.  10,  and  C|(u)  and 
G,((j)  are  independent  equalization  factors  depending 
only  on  the  parameters  of  the  simplified  circuits.  This 
approximation  is  only  appropriate  for  the  smoothed  re¬ 
sponse,  since  the  oscillations  in  depend  on  the  cou¬ 
pling  between  the  cell  and  earpiece  circuits  through  re¬ 
flected  waves  in  the  tube.  For  large  TVO  the  round- 
trip  amplitude  attenuation  factor  is  very  small 

e**^«l  ,  (A2) 

where  A  is  given  in  Eq.  (B22)  of  KN:  I;  in  this  case  Eq. 
(B9)  of  KN ;  I  gives  the  relations 

(A3) 

and  it  follows  from  Eq.  (B5)  of  KN :  I  that 

(A4) 

Pi  “  ( ~  (^1  ®i  • 

Our  calculations  only  retain  TVD  in  the  exponential  fac¬ 
tors;  in  this  approximation  . 

*,•>(»■/»«.)  (wp/trrf) - pc/iri-f  , 

(wp/tti  *) - -prArl  ,  (A5) 

(r,7„/7„)=^z* - .p(  A»|  . 

Thus  in  the  largo  TVD  limit  :hc  input  to  the  tube  lias  ii.i- 
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pedance  and  the  output  is  equivalent  to  a  pressure 
source  (fii/7',,)  in  series  with  an  impedance  Zj.  This 
agrees  with  the  circuits  of  Figs.  1,  3,  and  7.  Actualiy, 
the  values  of  tlje  sources  s^,  =(P|/T„)  in  these  cir¬ 

cuits  are  not  relevant  since  the  circuits  are  only  used 
to  compute  ratios;  they  are  never  used  to  compute  the 
absolute  response  which  rests  on  curve  (b)  of  Fig.  10. 
For  this  reason  the  further  liberty  was  taken  in  the  cal¬ 
culations  of  G,(u),  of  replacing  Z|-  Izt  I,  z,  -  tz^l. 

The  presence  of  reflected  waves  in  the  tube  does  not 
invalidate  the  simple  circuits  as  long  as  they  are  only 
used  to  compute  <N„>,  not  //„.  For  the  circuit  of  Fig.  3 
of  KN ;  I  we  have  shown  in  Eqs.  (24)  of  KN:  I  that  </f„) 
does  factor  into  the  form  Eq.  (Al).  The  effect  of  re¬ 
flected  waves  on  is  to  increase  it  by  a  factor 
(1  -  e'*^)"'  which  does  not  depend  on  the  terminations  of 
the  tube.  This  applies  rigorously  only  to  reactive  (pure  . 
imaginary)  terminations;  if  EQl  or  EQ2  are  dissipative 
the  effective  values  of  a  is  increased  by  the  end  losses. 
From  Eq.  (24)  of  KN :  I  we  see  that  C|(u)  is 

where  V  7  is  the  volume  assumed  in  curve  (b)  of  Fig,  10, 
Fc'  =  2,5x10*’  cm’.  Essentially  the  same  numerical  re¬ 
sults  are  obtained  from  the  simpler  form 

It  is  easy  to  show  that  Eq.  (A6)  agrees  with  the  circuit 
of  Fig.  3  (neglecting  F')  and  the  general  definition 

C,(«)=|s,(EX3)/s,(NEQ)|*  ,  (A8) 

where  s,(NEQ)  is  calculated  for  volume  F^'  and  Z  =0. 
Replacing  z,-  IZ|I  in  the  circuit  gives  Eq.  (A7).  Simi¬ 
larly,  it  follows  from  Eq.  24  of  KN :  I  that  C^C^)  for  the 
circuit  of  Fig.  3  of  KN ;  I  is 

which  agrees  with  the  circuit  of  Fig.  7  (neglecting  i' 
and  F')  and  the  general  definition 

G,(w)=|pe(EQ)/Ps(NEQ)|*  ,  (AlO) 

where  Ps(NEQ)  is  calculated  for  Z  =0.  Again  it  is  valid 
to  use  the  simpler  form  like  Eq.  (A7)  of  KN :  1  which 
corresponds  to  replacing  Zj  -  Izg  I . 

We  have  given  Eqs.  (A6) . (AlO)  to  establish  the 

validity  of  the  equ.ilization  factor  method  in  a  partlcul.ar 
case,  the  circuit  of  Fig.  3  of  KN  ;  1.  However,  we  be¬ 
lieve  the  method  applies  equally  well  to  more  com¬ 
plicated  equalizer  networks  EQl,  BQ2  in  Fig.  2  of 
KN;I. 
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APPENDIX  B:  IMPEDANCE  OF  FLAT-LOADED 
DIAPHRAGMS 

Here  we  summarize  the  theory  of  the  acoustic  imped* 
ance  iX(u)  of  a  circular  elastic  plate  (diaphragm) 
clamped  without  tension  a'  a  radius  a  and  carrying  a 
concentrated  mass  m  in  the  form  of  a  concentric  ring 
of  radius  b^a.  The  case  m  =  o  or  b=a  correspond  to 
tiiC  uniform  diaphragm  whose  properties  are  well 
Imown.*'  The  displacement  iv(r)  satisfies  the  equa¬ 
tion"* 

f *BV* w- w*w-p«0  ,  (Bl) 

where  p  is  the  pressure  difference,  p^  the  plate  density, 
/  the  thickness,  and  B  =£,/12(l  -  e*)  specifies  the  elas¬ 
tic  constant  of  the  plate  for  flexure.  The  normal  shear 
force  per  unit  length  is** 

N*-t*B^(dw/dr)  .  (B2) 

Atr=0  w{r)  must  be  finite.  Ki  r  -  b  there  is  a  discon¬ 
tinuity  in  N  due  to  the  acceleration  of  the  load 

AAr  =  - (»i«j*/2»6) ««(!»)  ,  (B3) 

and  at  r*a  the  clamped  edge  satisfies 

io{fl)“(<fw/dr),  =0  .  (B4) 

There  is  no  discontinuity  at  b  in  w,  dte/dr,  or  V*tr.  We 
are  neglecting  the  rotation  of  the  plate  and  of  the  load¬ 
ing  mass  and  assuming  that  the  loading  ring  does  not 
stiffen  the  plate.  Figure  4  shows  how  the  loading  ring 
can  be  broken  up  into  segments  to  avoid  any  stiffening 
effect.  The  width  t"  of  the  ring  will  be  considered  neg¬ 
ligible.  The  reactance  XM  is  defined  by 

2iirw{r)drj  (B5) 

We  have  evaluated  A(w)  using  a  computer  program 
based  on  expressing  i«(r)  in  terms  of  Bessel  functions 
with  six  unknown  coefficients  which  are  determined 
from  the  six  simultaneous  linear  equations  representing 
the  boundary  condition  at  r  and  r  =  6.  The  result  can 
be  written  for  the  reactance 

=  (/ */va^)  (Bp,)‘  '*  F(0,  Q,b/a)  ,  (B6) 

where 

0-(p<oVf*fi)‘'‘w‘/*  ,  (B7) 

Q=«w/2»6*/p,  ,  (B8) 


15.55,  18.67 .  For  3. 196,  Fj(n)  is  mostly  in¬ 

ertial  (/'(n)  and  may  be  considered  to  oscillate  about 
Eq.  (BIO)  shown  dashed.  The  smallest  slope  ■,{dF/dn)\ 
occurs  close  to  the  intersections  of  Eqs.  (B9)  a.nd  (BIO). 
The  general  nature  of  F(n,  Q,  b/a)  is  similar  except  the 
lowest  resonance  is  depressed  and  the  antircsonances 
arc  not  uniformly  spaced.  Figure  5  shows  £(12, 35, 0. 47) 
which  has  its  lowest  resonance  at  1. 370  and  first  anti¬ 
resonance  at  3.387.  It  follows  that  this  diaphragm  has 
an  inertial  range  {F  <  0)  over  which  w  varies  by  a  factor 
(3. 387/1. 370)*  =  6. 112,  which  may  be  compared  with  the 
corresponding  inertial  range  factor  (5.885/3.196)* 

-3.391  of  the  uniform  diaphragm.  This  is  one  advan¬ 
tage  of  loading,  a  larger  inertial  range;  Lhe  other  is  that 
large  values  of  -  F/(l*  can  be  achieved  in  the  slowly 
varying  region  of  F,  which  is  the  useful  region  for  equal¬ 
ization.  The  displacement  w(r)  in  the  inertial  range  is 
sketched  in  Fig.  4. 

The  significance  of  choosing  b/a-0.41  lies  in  the  fact 
that  the  displacement  w{r)  of  the  uniform  diaphragm  at 
the  first  antiresonance  (5.885)  has  a  node  at  r  =  0.47. 
Therefore,  if  h/a  =0.47  there  is  always  an  antireso¬ 
nance  at  5. 885  for  any  value  of  Q.  As  Q  is  increased 
from  zero  the  lowest  resonance  is  depressed,  the  low¬ 
est  antiresonance  remains  fixed,  and  the  inertial- rar.ge- 
frequency-factor  increases.  However,  tnere  is  a  limit 
to  this  factor  because  at  very  high  Q  » 1  antiresonances 
appear  below  5.885;  these  can  be  continuously  traced  as 
functions  of  Q  back  to  higher  antiresunances  u(  dte  uni¬ 
form  plate.  Nevertheless,  5/t»  =  0. 47  is  the  optimum 
choice  for  achieving  the  ma.\iir.um  inertial  range  factor. 

It  is  clear  that  a  loading  as  high  as  Q  =  35  must  cause 
a  concentration  of  stress  in  the  diaphragm  at  r  =  5.  To 
estimate  the  maximum  rating  for  the  diaphragm  ex¬ 
pressed  as  the  maximum  permls.sible  flow  we 

assume  failure  will  occur  at  the  loading  ring  due  to  ex¬ 
cessive  tensile  stress  in  the  diapuragm.  The  tensile 
stress  varies  linearly  through  tiie  thickness  of  the  dia¬ 
phragm,  being  maximum  in  magnitude  at  the  surfaces. 
The  maximum  tensile  stress  at  any  radius  r  is  given 
by"’ 

T=‘6!B\v*w-{l-o)(div/rdr)\  .  (BID 

For  nearly  all  materials  of  interest  it  is  permissible  to 
take  p  =  i;  then  the  maximum  flow  can  be  written 

s.(w)  =  <?,  5/a).  (B12) 


and  F  is  the  computer  calculated  function.  For  the  uni¬ 
form  diaphragm**  (Q  =0  or  6  =a) 


Fo(n)=fi* 


4/j„(n)  /n(n) 


(B9) 


If  the  uniform  diaphragm  is  free  at  the  edge  and  moves 
like  a  rigid  piston  (i.  e. ,  a  pure  inertance),  the  reac¬ 
tance  X^  -  {u>pgt/va*)  is  equivalent  to 

*  -  f‘*  •  (BIO) 

The  general  nature  of  F(f2)  may  be  seen  in  Fig.  8. 

The  modes  of  vibration  of  the  uniform  diaphragm  cor¬ 
respond  to  the  zeros  of  £,,(0),  the  lowest  being  at  3.196. 
Of  greater  import.ancc  are  the  singularities,  or  anti- 
resonar.ccc,  the  first  few  being  at  5.885,  9.190,  12.40, 


where  is  a  computer  calculated  function  and  T„  is  the 
fatigue  limit  tensile  stress  of  the  diaphragm  (complete¬ 
ly  reversed  stress  cycled  indefinitely).  Figure  5  shows 
Jin,  35,  0.47)xlo‘  plotted  on  the  same  scale  as  £.  The 
smallest  value  of  J  in  the  frequency  range  300-3300  Hz 
determines  the  rating  of  the  diaphragm. 
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Photophone  perforn)ance 

D.  F.  Nelson,  K.  W.  Wecht,  and  D.  A.  Kleinman 

Btll  Laboratories.  Murray  Hill.  New  Jersey  07974 
(Received  IS  September  I97S;  revised  28  February  1976) 

A  photophone  consisting  of  a  light  guiding  nber,  an  absorption  cell  containing  charred  cotton  suspended  in 
air,  an  exponentially  tapered  tube,  and  a  sundard  earpiece  volume  has  been  made  and  tested.  The  pressure 
in  the  earpiece  versus  the  frequency  in  the  30O-33(X>-Hz  telephone  band  for  a  given  optical  power  input 
agrees  well  with  the  theory  of  the  preceding  paper.  We  conclude  that  the  charred  cotton  suspended  in  air 
can  be  treated  simply  as  light-absorbing  air.  Meuurements  were  also  made  on  a  photophone  which 
included  an  air  column  equalizer  to  resonate  with  the  absorption  cell  in  order  to  Hatten  the  frequency 
response.  The  high-frequency  (ISOO-33(X)  Hz)  response  was  enhanced  as  expected  thought  not  quite  as 
much  as  predicted. 

Subject  ClassiTication;  [43]8S.76.  [43]33.40.  (43]gS.60. 


INTRODUCTION 

With  optical-fiber  communication  systems  being  ex¬ 
tensively  studied^  it  is  worthwhile  to  consider  the  pos¬ 
sibility  of  direct  production  of  sound  from  light  which 
is  modulated  at  audio  frequencies.  By  direct  production 
we  mean  a  conversion  process  which  does  not  involve 
audio  frequency  electricity  as  an  intermediary  in  the 
process.  With  this  motivation  we  have  been  led  to  con¬ 
sider  the  generation  of  sound  waves  from  the  absorption 
of  a  modulated  light  beam  in  a  gas  or  in  a  tenuous  sub¬ 
stance  distributed  in  a  gas.  We  have  found  that  this  is 
an  old  idea,  first  studied  by  A.  G.  Bell*  in  1881.  We 
follow  his  usage  in  calling  it  a  photophone.  Since  his 
study  was  only  of  an  empirical  nature,  we  have  carried 
out  in  the  preceding  papers*  an  extensive  analytical 
study  of  the  design  principles  and  optimization  of  a 
photophone.  That  study  led  to  a  photophone  structure 
differing  markedly  from  the  simple  structure  studied  by 
Bell.  The  purpose  of  the  work  reported  in  this  paper  is 
to  test  experimentally  the  main  predictions  of  that  study. 

I.  STRUCTURE 

The  photophone  structure  developed  in  the  preceding 
papers*  consists  of  a  glass  fiber  which  guides  intensity- 
modulated  light  into  a  small  absorption  cell,  a  volume 
representing  the  ear  plus  earpiece,  and  a  tapered  acous¬ 
tic  tube  which  acts  as  an  acoustic  transformer  between 
the  absorption  cell  and  the  ear  volume.  It  may  also 
contain  acoustic  elements  for  resonating  the  absorption 
cell  and/or  the  ear  volume  so  as  to  enhance  the  high- 
frequency  response.  This  is  done  to  make  the  response 
of  the  photophone  as  nearly  flat  as  possible  over  the 
normal  telephone  frequency  range  of  300-3300  Hz.  A 
schematic,  cross-sectional  drawing  of  the  photophone 
is  shown  in  Fig.  1. 

The  characteristics  of  the  light-guiding  fiber  are  not 
crucial  to  the  photophone  structure.  The  one  used  had 
a  germania  eloped  silica  core  of  0. 004  cm  diameter  and 
a  silica  cladding  with  an  outside  diameter  of  0.015  cm. 

It  had  a  numerical  aperture  of  0. 14  tor  coupling  light 
into  a  flat  end.  A  length  of  fiber  of  a  few  meters  was 
used.  The  output  end  was  glued  into  an  entry  hole  to 
the  absorption  coll  so  as  to  avoid  any  air  leaks. 

The  abscr-.i'ion  coll  has  a  volume  of  4.5xlo'*  cm* 


and  contains  charred  cotton  fibers  suspended  in  air. 

The  exact  volume  is  not  crucial  when  no  attempt  at 
resonating  the  cell  volume  is  made.  The  volume  is 
chosen  within  a  range  which  is  large  enough  to  be  in  the 
thermal  high-frequency  or  adiabatic  limit*  and  small 
enough  to  have  a  large  acoustic  impedance.  The  acous¬ 
tic  impedance  must  be  large  compared  to  the  tapered 
tube  input  impedance  so  that  the  former  does  not  act  as 
a  short  circuit  across  the  sound  source.  A  charge  of 
approximately  IS  pg  of  charred  cotton  fibers  has  been 
found  empirically  to  be  optimum  for  this  cell  volume. 
When  distributed  throughout  the  volume,  this  charge 
appears  jus  i  arely  opaque  to  the  eye.  Under  this  con¬ 
dition  substantially  all  the  light  cutering  the  cell  is  ab¬ 
sorbed  by  the  charred  cotton.  It  is  produced  by  heating 
at  a  temperature  of  about  500  ”€  for  a  minute  or  two  in 
an  atmosphere  of  flowing  nitrogen.  The  absorption  cell 
is  contained  in  an  aluminum  block  of  centimeter-size 
dimensions.  This  size  is  believed  adequate  to  carry- 
heat  away  from  the  absorption  cell  so  that  a  constant 
temperature  cell  wall,  as  assumed  in  the  theory,  *  is 
maintained. 

Joining  the  absorption  cell  in  Fig.  1  with  the  stan¬ 
dard*  6-cm*  volume  representing  the  ear  plus  earpiece 
is  an  air-filled  exponentially  tapered  tube  which  acts 
as  an  acoustic  transformer  to  convert  the  high  pres- 


FIG.  I.  Schematic  cross-sectional  view  of  the  photophon 
•with  an  clcctret  microphone  atlaci.td  fo;  t  . 


2S1 


J.  Aeoutt.  Soc.  Am.,  Vol.  60,  No.  1.  July  1976 


£-25  Copyright  Q  1976  by  th«  Acoustical  Society  of  AnK'i-ica 


251 


•  %  IW  4  •  i  •IV4W^44W4I^ 


IW*  *llMilWB 


( 


sure,  low  volume  flow,  acoustic  source  of  the  absorp¬ 
tion  cell  to  the  maximum  pressure  attainable  in  the 
6-cm*  volume.  The  optimization  procedure’  determines 
the  cross-sectional  area  A  of  the  exponentially  tapered 
tube  to  be 

i4,»4.07xl0‘’ cm*,  o=0.037  cm'‘,  /  =  85cm. 

A  circular  cross  section  for  the  tube  is  best  since  the 
perimeter  to  area  ratio,  which  determines  roughly  the 
thermoviscous  damping  losses  to  useful  acoustic  trans¬ 
mission,  is  smallest.  Ease  of  construction,  however, 
dictated  the  use  of  a  square  cross  section  tapered  tube. 
A  ntunerically  controlled  milling  machine  produced  two 
aluminum  pieces  having  exponential  surfaces  which, 
when  joined  with  two  flat  surface  pieces,  produced  a 
tube  satisfying  Eq,  (1).  The  sides  of  the  square  are 
0.064  cm  at  the  input  end  and  1.  54  cm  at  the  output  end. 
Air  leaks  in  the  joints  of  the  photophone  assembly  were 
prevented  either  with  a  viscous  grease  or  with  thin  Tef¬ 
lon  gaskets  (7.6X10*’  cm  thick). 

The  design  studies’  indicate  that  the  simplest  meth¬ 
od  of  resonating  the  absorption  cell  volume  is  to  couple 
it  to  the  tapered  tube  via  an  air  column.  The  inertial 
character  of  the  latter  can  be  made  to  compensate  for 
the  capacitive  character  of  the  cell  volume  at  3300  Hz 
and  so  produce  an  acoustic  resonance  at  that  frequency. 
The  thermoviscous  damping  losses  in  the  system  make 
the  resonance  quite  broad.  When  these  losses  were  in¬ 
cluded  in  the  calculation  of  the  air  column  performance, 
it  was  found’  that  an  air  column  1.8  cm  long  and  0.02 
cm  in  diameter  in  conjunction  with  an  absorption  cell 
volume  of  7. 5x  10**  cm’  would  be  expected  to  produce 
the  best  resonant  enhancement  in  the  high  frequency 
range.  A  proportionately  smaller  amount  of  charred 
cotton  is  used  in  this  cell  in  comparison  with  the  amount 
used  in  the  absorption  cell  of  Fig.  1.  A  schematic 
diagram  of  the  photophone  with  the  air  column  equalizer 
is  shown  in  Fig.  2. 


FIGt  2,  Schematic  cross-secthjnal  view  of  the  pholophone 
with  an  electrct  micropiv  ne  allnchcd  for  nieosurcment.  This 
version  of  the  pliotophonc  oorUiins  an  air  l  olumn  roiipicr  to 
resonate  v/illi  the  absorption  cell  so  as  to  enhance  the  re¬ 
sponse  of  the  high-frequency  end  of  the  normal  telephone  band 
(300— jpOO  il/.i. 


FIG.  3.  Schematic  arrangement  of  the  optic,  acoustic,  and 
electric  components  used  in  measuring  the  pholophone  per¬ 
formance. 


A  third  structure  studied  was  similar  to  Fig.  1  ex¬ 
cept  the  tapered  tube  was  a  single  piece  plastic  casting. 
It  was  made  by  using  the  four -piece  aluminum  tube  as  a 
mold  in  whicn  to  form  a  wax  core.  The  core  consisted 
of  a  mixture  of  80?o  by  volume  of  a  microcrystalline 
wax’  and  20%  of  polyisobutylene’  having  a  molecular 
weight  of  40000.  The  core  was  molded  around  a  0.025- 
cm-diam  reinforcing  wire.  A  wax  core  of  this  type  can 
be  cast  in  a  straight  housing  or  after  warming  can  be 
coiled  inside  the  hand-held  portion  of  a  telephone  set 
before  casting.  After  the  casting  resin’  has  hardsned, 
the  entire  casting  is  heated  to  about  80  ‘C  to  melt  out 
the  wax  core. 

II.  TEST  ARRANGEMENT 

A  schematic  diagram  of  the  arrangement  used  fur 
testing  the  photophone  is  shown  in  Fig.  3.  Because  the 
absorber,  charred  cotton,  is  black,  the  laser  wave¬ 
length  used  for  testing  is  of  little  consequence.  The 
5145-A  line  of  an  argon-ion  laser  wa.s  used  because  of 
the  laser’s  availability.  Its  beam,  adjusted  to  be  in  the 
lowest  order  transverse  mode  and  in  a  state  of  com- 
I^ete  linear  polarization,  was  directed  by  a  mirror 
through  a  modulator  driven  by  an  audio  irequency  oscil¬ 
lator  whose  frequency  was  determined  by  a  frequency 
counter.  The  optical  modulator  was  a  commercial  mod¬ 
el*  that  uses  an  electrically  biased  quadratic  electro 
optic  effect  to  obtain  in  conjunction  with  the  polarizer  a 
range  of  linear  amplitude  modulation.  The  intensity  o' 
the  output  beam,  which  is  the  square  of  its  amplitude, 
can  have  a  linear  modulation  range  provided  the  biasing 
field  on  the  modulating  crystal  is  adjusted  so  that  t.ne 
two  polarization  components  of  the  beam  emerging  trom 
the  modulator  have  a  phase  difference  in  the  .absence 
of  any  modulation.  Such  an  adjustment  necessarily 
produces  an  unmodulated  component  to  the  output  beam. 
This  component,  however,  produces  no  significant  ef¬ 
fect  on  the  measurements. 

Following  the  polarizer  a  mirror  o.in  be  iii-'''rl.‘d  t  i 
direct  the  modulated  bean;  imo  a  calibrated  plu'i;;,; 
detector.*  This  allows  a  measurement  of  the  po  ver  > 
the  lii’.lit  which  is  modul.tted  at  the  irequency  of  ho 
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audio  oscillator.  With  the  insertable  mirror  removed, 
the  modulated  beam  is  t'oeused  onto  a  cieaved  end  of  the 
light-guiding  glass  fiber  by  a  6.3  x  microscope  objective 
lens. 

The  sound  at  the  output  of  the  photophone  was  mea¬ 
sured  with  an  electret  microphone*”  which  had  a  mea¬ 
sured  calibration  of  1. 1  dyn  em'^mV  through  the  fre¬ 
quency  range  of  interest.  Its  output  was  amplified  100 
times  by  a  low  noise,  junction  field  effect  transistor  in¬ 
put  preamplifier  before  being  measured  with  a  lock-in 
detector. 

Several  tests  were  made  on  the  system  prior  to  mea¬ 
suring  the  photophone  performance.  One  was  the  mea¬ 
surement  of  the  transmission  of  the  glass  fiber  including 
coupling  losses  at  the  ends.  This  was  done  prior  to 
gluing  the  fiber  into  the  absorption  cell  so  that  the  out¬ 
put  could  be  directed  into  the  calibrated  optical  detector 
(Fig.  3)  just  as  the  input  could  be.  With  the  modulator 
in  place  this  transmission  factor  was  found  to  be  0.5 
.  while  with  the  optical  modulator  removed  it  was  0.9 
showing  that  distortion  of  the  wave  front  by  the  electro¬ 
optic  modulator  lessened  the  coupling  of  the  focused 
beam  into  the  fiber. 

Because  the  charred  cotton  is  an  incompletely  under¬ 
stood  component  in  the  system,  we  have  measured  the 
sound  pressure  versus  the  input  modulated  laser  power. 
To  simplify  this  test  the  arrangement  shown  schemati¬ 
cally  in  Fig.  4  was  used.  The  absorption  cell  is  con¬ 
nected  directly  to  a  2-cm’  volu.me  in  which  the  pressure 
variation  is  measured  by  the  electret  microphone,  in 
order  to  reach  higher  laser  power  levels  in  the  cell  the 
elcctrooptic  modulator  was  replaced  by  a  chopping 
wheel  which  produced  a  750-Hz  square  wave  optical  sig¬ 
nal  of  up  to  15  mW  in  the  absorption  cell.  The  pressure 
amplitude  (one-half  of  the  pcak-to-peak  signal)  of  the 
resulting  triangular  pressure  wave  is  plotted  in  Fig.  5 
versus  the  average  laser  power. 

We  also  plot  in  Fig.  5  the  predicted  behavior  of  the 
pressure  amplitude  versus  average  power  for  a  simple 
air-heating  model.  The  linear  relationship  plotted  is 


FIG.  4.  Scheni.Ttic  cross-scctioti.il  view  of  the  arrangement 
used  to  tost  the  opto-.icoustic  p  irformnnre  of  tlio  charre  f- 
cotloii-suspendod-in -air  absorption  cell. 


FIG.  S.  Plot  of  the  pressure  aniplitude  (one  half  of  the  peak- 
to-peak  signal)  of  a  triangular  wave  versus  the  average  opti¬ 
cal  power  in  a  square  wave  that  reaches  the  absorptioa  ceil. 
The  dashed  curve  is  a  plot  of  Eq.  (5)  which  represents  an  air- 
heating  model. 


derived  as  follows.  From  Eq.  (All)  of  the  first  paper’ 
we  have  that  the  pressure  p  [not  specialized  to  a  single¬ 
frequency  component  as  in  Eq.  (All)]  is  related  to  the 
volume  flow  s  in  a  small  volume  V  of  gas  by 

dp/dt=yp^/V  ,  (2) 

where  y  is  the  specific  heat  ratio  and  p^  is  the  static  gas 
pressure.  It  was  shown  in  the  first  papeH  [Eq.  (37)] 
tlut  the  volume  ilow  s  is  related  to  the  optical  power  P 
which  is  converted  to  heat  in  the  cell  by 

s  =  (y-l)P/y/.o  (3) 

in  the  high-frequency  or  adiabatic  limit.  Equations  (2) 
and  (3)  combine  to  yield 

dp/dl  =  (y  -  1)P/V  .  (4) 

If  the  power  P  is  in  the  form  of  a  square  wave  of  period 
T  with  a  peak-to-peak  signal  of  2P,i,  then  the  resultant 
triangular  pressure  wave  p  .has  a  pcak-to-peak  signal  cf 
2pj^  where 

Pj^  =  {y~1)TPj,/4V  .  (5) 

The  plot  of  this  equ.atjon  in  Fig.  5  is  In  excellent  agree¬ 
ment  with  the  data  for  power  levels  lioluw  2.  r>  inW  de¬ 
spite  tlie  fuel  tli.at  the  actual  absorption  cell  conuuns  not 
just  air  but  charred  cotton  suspended  liuougho'it  the  air. 
Tills  just  dies  treating  the  absor;'*!'!.'  cell  as  eo;-.'aiain‘; 
"light-al’sorbing  air."  Wo  hav'e  iv't  explored  ti:  on',i'i 
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of  the  nonlinearity  evident  in  the  data  of  Fig.  5  at  high¬ 
er  power  levels. 

III.  PERFORMANCE 

Because  of  the  nonlinearity  present  in  Fig.  5  the  pow¬ 
er  absorbed  in  the  cell  was  held  to  1  mW  for  perfor- 
mance-versus-frequency  tests  on  the  photophone.  The 
aluminum  walled  photophone  of  Fig.  1  was  tested  in  the 
frequency  range  of  150  to  4000  Hz,  a  range  somewhat  in 
excess  of  the  standard  telephone  range  of  300-3300  Hz. 
In  Fig.  6  the  pressure  amplitude  of  the  sound  wave  as 
detected  by  the  electret  microphone  is  plotted  versus 
the  modulation  frequency  in  curve  A.  Curve  B  repre¬ 
sents  the  predicted  performance’  with  the  tube  reso¬ 
nances  averaged  out.  No  adjustable  parameters  are 
used  in  this  comparison  which  can  be  seen  to  be  very 
good.  The  predicted  performance  including  the  tube 
resonances  is  shown  displaced  for  clarity  as  curve  D; 
curve  C  is  a  repetition  of  curve  B.  Though  there  is 
some  shift  of  (he  tube  resonances  between  the  predicted 
and  observed  responses  and  a  somewhat  lower  ampli¬ 
tude  of  the  observed  tube  resonances,  the  overall  agree¬ 
ment  is  felt  to  be  very  good.  The  triangular  points  in 
Fig.  6  represent  the  response  of  the  same  charge  of 
cotton  as  used  in  obtaining  curve  A  when  the  absorption 
cell  is  connected  to  the  2-cm’  test  volume  as  shown  in 
Fig.  4.  Curve  E  is  the  predicted  response  for  this 


FIG.  6.  Plot  of  pressure  amplitude  versus  modulation  fre¬ 
quency  for  the  structure  of  Fig.  1  for  1  mW  of  modulated  op¬ 
tical  input  to  the  absorption  cell.  Curve  A:  measuremcats; 
curve  B  and  C:  theory  with  tube  resonances  averaged  out; 
curve  !>.  theory  with  tube  resonances  shown;  curve  E:  plot 
of  magnitude  of  Fq.  (7)  for  the  air  volume  of  Fig.  4;  triangu¬ 
lar  points:  mcasuicmcnts  on  t.hc  struciura  of  rig.  4  for  the 
charred  cotton  i  haige  uscii  for  curve  A  nicnsuremenls.  The 
pressure  amplitude  />  in  dvn/  cm"  may  he  ci.nvcr'.cd  to  sound 
pressure  level  (SPI.)  inea:-ured  in  dr>  hy  SPI.  -  topxp/ 
*2X10“*).  Thus  an  SPL  of  31  dll,  the  a'  eiapo  level  present 
at  the  car  In  ttr  'clcphonc  nervork,  "  corresponds  to  3. 17 
djm/cm’. 
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FIG.  7.  Plot  of  pressure  amplitude  versus  modulation  fre¬ 
quency  for  the  structure  of  Fig.  2  for  1  inW  of  modulated  op¬ 
tical  input  to  tlie  absorption  ceil.  Curve  A:  measurements; 
curve  B;  theory  with  tube  resonances  averaged  out. 


arrangement  versus  frequency.  It  is  obtained  by  spe¬ 
cializing  the  time  dependence  in  Eq.  (2)  to  a  single  an¬ 
gular  frequency  w, 

p=iYpos/uV ,  (6) 

combining  this  with  Eq.  (3)  to  obtain 

P^Hy-1)P/u)V,  (7) 

and  then  plotting  the  magnitude  ol  p  versus  the  circular 
frequency  /  =  w/2ir.  Once  again  this  demonstrates  that 
the  charred  cotton  suspended  in  air  responds  very 
closely  to  “light-absorbing  air"  in  the  absorption  cell. 

The  photophone  with  the  air  column  equalizer  shown 
in  Fig.  2  and  described  in  Sec.  n  was  tested  ne.xt. 

Figure  7  shows  a  plot  of  the  measured  pressure  versus 
the  modulating  frequency  in  curve  A  and  the  expected’ 
response  in  curve  B  with  the  tube  resonances  averaged 
out.  The  experimental  curve  was  measured  for  an 
absorption  cell  with  a  volume  of  5x10'*  cm’  since  this 
enhanced  the  output  somewhat  over  the  calculated  7. 5 
X  10"*  cm’  volume.  From  a  comparison  with  Fig.  6  if 
can  be  seen  that  the  resonance  between  the  air  column 
and  absorption  cell  flattens  the  expected  response  curve 
by  boosting  the  high-frequency  response.  A  similar 
comparison  of  the  measured  response  shows  that  it  is 
larger  at  frequencies  higher  than  about  1500  Hz  though 
it  does  fail  somewhat  below  the  e.xpected  response 
curve.  Though  these  data  do  not  represent  the  ultimate 
for  a  resonant  absorption  cell  photophone,  they  do  con¬ 
firm  the  usefulness  of  the  concept  for  flattening  the 
frequency  response  curve. 

A  performance  test  was  made  on  a  straight  onc- 
piece  plastic  tapered  tube  for  comparison  to  the  alu.'ui- 
num  tapered  tube.  The  configniration  was  the  same  as 
in  Fig.  1.  I  he  experimenial  points  are  shown  on  curve 
A  of  Fig.  8.  Mere  ineasuro.'neiits  were  inadi'  in  tho 
high-fi  equcncy  region  in  Uic  e.vperimciu  in  order  U 
better  resolve  the  tube  resonances  which  can  bo  scon 
clearly  out  to  3100  Hv.  The  fil  of  cn’'vp  A  to  Iho  pre¬ 
dicted'  response  (with  the  tube  resoiuinces  aver., god  oui) 
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FIG.  8.  Plot  of  pressure  amplitude  versus  modulation  fre¬ 
quency  for  the  cast  plastic  tapered  tube  in  the  structure  of 
Fig.  1  for  1  mW  of  modulated  optical  input  to  the  absorption 
cell.  Curve  A:  measurements!  curve  B;  theory  with  the  tube 
resonances  averaged  out;  curve  C:  plot  of  Eq.  (7)  for  the  air 
volume  of  7.7  cm^;  triangular  points;  measurements  of  curve  C. 

shown  in  curve  B  is  very  good.  The  experimentai  curve 
is  also  a  bit  higher  in  average  response  and  in  the  am¬ 
plitude  of  the  tube  resonances  compared  to  the  data  of 
Fig.  6  lor  the  aluminum  tapered  tube.  The  triangular 
data  points  are  test  measurements  of  the  same  charge 
of  charred  cotton  as  used  for  the  measurements  of 
curve  A  but  are  made  in  the  configuration  of  Fig.  4 
except  an  extra  spacer  made  the  test  volume  7.7  cm*. 
These  measurements  are  in  good  agreement  with  curve 
C  which  represents  Eq.  (7)  for  this  volume.  Once 
again  this  shows  that,  for  the  amount  of  charred  cotton 
used,  the  “light-absorbing  air"  model  of  the  absorption 
cell  employed  in  calculating  curves  B  and  C  is  valid. 

The  results  of  Fig.  8  in  comparison  with  Fig.  6  show 
that  no  substantial  air  leaks  were  present  in  the  alumi¬ 
num  horn.  Though  the  plastic  horn  tested  here  was 
straight,  the  wax  core  from  which  it  is  cast  can  be  bent 
easily  when  warmed.  This  would  allow  it  to  be  coiled 
within  the  hand-held  portion  of  a  telephone  set  before 
the  casting  is  done.  Thus  the  length  oi  the  tapered  tube 


need  not  be  an  impediment  to  the  use  of  the  photophone 
described  here. 

Finally,  we  remark  that  a  simple  demonstration  of 
voice  reception  by  the  photophone  was  made.  For  this 
demonstration  the  amplified  output  of  a  microphone  was 
used  to  drive  the  electrooptic  modulator.  The  photo- 
phone  of  Fig.  1  with  the  aluminum  tapered  tube  was 
used.  In  this  test  the  ear  was  pressed  against  a  stan¬ 
dard  earpiece  attached  to  the  output  end  of  the  tapered 
tube. 
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Til  .ill  ifkom  it  aiaif  eonetru: 

Ur  it  kiiou  II  liiat  no,  Alv:v.vnuk>:  (Ik  imam 
HKLL  Allii  .SL'MNKU  Taintlk,  of  WsaIi- 
iii^lon,  ill  (lie  lli.ilrict  of  Cu'iiiiitiiii,  li-avc  in- 
}  vt.-iitrii  a  iifiv  mill  ii.<»Tul  Iiii|>rovciiifii(  iii  1‘liit- 
to|itioiiic  (Vrrivrnt  for  (lie  I’roliirliun  ami 
I!viiro<lucli«iii  of  Stniiiil  li,\  (Ir  Arti.ui  of  ILi'li- 
ant  Energy,  ubicli  iiivvntiuii  i.e  fully  lU't  forth 
ill  the  fullouiiis  K|>rcjflcation. 
lo  The  invention  rrlatvs  nioir  puriicularly  to 
(he  reiiro<liir(i(*n  of  iirfivuhiio  .^ja.i-li  j.lmfo- 
I'honicutly— (liatl.e, by  tlioartiuii  ufintliautrii. 
vrjry  from  (lie  siiiior olhtr  luiilablr  sourer— but 
it  alto  a|i|)lu'ab(e,  in  s  liote  or  in  pan,  (o  the 
15  |•lv<lucti<ul  or  rrproiliiclioii  of  odirr  tuun-lt,  lo 
the  pixnl'iction  uf  virciriral  ami  uitirr  vOit'Is, 
anil  to  oilier  puriKiM'.e.  It  is  iiitvinlctl  as  an 
iiiipruvriiiciit  iiinui  (hr  phulupliunc  furuliirli 
Le-ltcra  ralciil  Xo.  -Ma.lOy  ««t«  yraiiS«al  lo 
JO  Alvsaiiilrr  (jrihain  Hell,  iK-criiilK-r  7,  1A>0. 

The  saiil'phfliophonc  voiisisit,  Kmrr.ill.v,  uf 
a  pliuloplioiiic  (r.iiisiailler,  by  niiicli  a  vibra- 
lury  or  uiuliilalnry  brniii  or  |>r:icil  of  rays  is 
protlucnl,  corrc.spoiiiliii;;  iu  its  vibrations  or 
35  umliil.ilioiis  « illi  the  3(nio>plirric  vibrations 
(bat  ri'prr.oriit  (ho  soiiiul  lo  Iki  pnni’jccii  or 
rV|iroiliKv<l,  ami  a  phutophoiiic  n-v<>ivrr,  by 
which  (lie  ribrnliniiior  iimlulntioiisin  (he  said 
beam  or  pencil  of  ray  h.'irr  von  vrrinl  iiilosouml- 
30  waves,  or  iiilo  vihr.itioiis  in  an  flcctric  current 
(bat  cuo  Ik:  convene  J  into  siniml-wavrs. 

The  prriciit  invenliou  lias  reference  (o  (he 
phoUijilioi'ic receiver,  ami  couipri>c-s  iiumiis  for 
cooTchin;;  tLc“  n.liaiit  vibralioiis.'.astlie  vi- 
3S  orations  or  iimlnlatieii.v  of  (he  l>eaiu  uf  rays 
may  be  callciJ,  into  soi'iiil- waves, ami  al>ointo 
electric  vibrations. 

Asdc  ^cr.be-l  in  the  aforctaiil  pateiii,  (be  ra¬ 
diant  vibr.'it'ous  were  converted  into  stmiid- 
40  waves  bv  me:: ns  of  iliin  di:i|ihrapms  of  lianl 
rubber,  laici,  and  e.ii  iousotUcr  uiatenals,u(>on 
which  the  radi.'int  vibralioiis  were  alluweil  to 
fall.  The  soi.ml  w.a.s  conveyed  to  (he  oar  by  :» 
beari’ic-tiibc  cunorclnl  will:  a  sou:i.I-cha:nber 
4$  in  (be  rraror  aoc.v|>0'rd  .sidcof  (he«iiaplini;'ni, 
which  i’.si'lf  funned  one  side  of  said  chamber, 
or  a  part  of  one  side.  With  this  apparatus, 
al(bou;;l<  it  is  not  very  smisitive,  lunsical  notes 
were  luoducnl  by  rapitlly  inlcrriiptiiijrabcain 
JO  which  wss  allowed  lo  fill  n|MMi  iheibsphragai. 
The  uosical  notes  corre.'|K>oiled  in  pitch  lo  the 


rale  of  iiitcmiplion,  and  went  loud  enough  to 
be  ca.vily  heard. 

We  h.avedi.scovcred  (hat  (he  loudness  of  the 
.•miiml  is  increased  by  having  the  ilbimiiiated  $$ 
nr  ev|>use<l  side  of  the  sensitive  iiinliiiiu  in  oon* 
tart  with  the  sir  uf  (he  sniiini^rhamlier  wicb 
whieU  the  ear-tnlie  iseoiinei*te<l,aiKl  by  allow* 
ing  the  r.idiaiit  beam  lo  fall  u|h>ii  said  medium 
thrungli  a  plate  of  gl.as.i  or  similar  material  60 
wbicli  is  tr.iiispareiit  to  radiant  energy,  but 
n|<a<pie  or  les.s  iniiispareiit  to  sniiiid-warea. 
in  this  way  the  fullelfeclof  the  radiant  vibrw* 
tions  u|ioi>  the  sensitive  medium  is  obtained, 
and  the  resulting  sound-waves  aiw  shut  iuand  6$ 
conveyed  to  Ihe  ear  with  ajipiosiinately  (heir 
full  force. 

We  have  further  discovered  that  a  dark  or 
black  color  in  (be  sensitive  me«liiim  is  adraa* 
tageuns,  and  (bat  wiih  sub^Uiices  in  an  o|ieii,  70 
l>uruii.s,i>rMi(Hliviii«si  euiulitioii  (under  wouiida 
are  in  general  obtained  tliau  w  iib  diapbragmk 
The  lH*st  ell’veis  arc  ublainctl  with  laiH|»-black' 
de|>osile«!  ii|wn  nMirfitceof  glassorulber  herd 
or  rigid  material.  Wiib  a  layer  of  this  sob-  75 
stance  ae  tlie  sensitive  medium,  articolato 
s|icveli  has  l>ccn  rvprmlueed  by  tbc  direct  ao> 
liflu  of  railiaut  cuergy  ii|w>ii  said  medium.  In  . 
the  ex|>eriineuls  in  wbich  Ibis  result  was  ob¬ 
tained  sunbeams  were  reflected  from  a  mirror  So 
of  (bin  glass  sitvcreil,  (as  dc.scriUsI  iu  Letter* 
I’aleut  No.:(;l.7,4%,gratile<i  to  ns  Deoeuibcr  14, 
ISiO.)  and  tbc  mirror,  being  thrown  into  vibr*. 
tion  by  the  voice,  caiisml  more  or  less  of  the  siia* 
beams  to  fall  ii|>uri  the  Iaui|sblack.  The  latter  $g 
Wits  dc|iosito<l  uiioii  tbc  inner  walls  of  a  sound* 
chamber  having  uncside  formed  ofa  glass  plsto 
to  tr:tnsniil  tbc  radiant  bc.iiu,  and  iiaviog  sa 
car-tube  communicating  with  (be  interior,  as 
c.vntaiocd  ubova.  9* 

Articulate  riicojU  has  also  been  rcprodoced 
with  a  iveeivcr  containing  a  m;w*-.sof  lamp-black 
ill  a  loose  pulverulent  coiiditioo.  A  lamp  c€ 
lamp-ldaek,  when  us|>osed  in  the  soaud-clism* 
her  totbc  action  of  an  iiituriuitleiit  iKani.  gives  9$ 
a  Jond  sound,  but  inferior  to  that  given  by  ths 
same  siibsLiiico  in  the  form  of  loose  imwder  or 
a  dcjiosiUsI  layer. 

Iiuslead  of  (.iiioking  Ihe  walls  of  (be  soond* 
chanjlicr,  a  phtte  of  glavs,  mica,  or  other  roste-  low 
rial  can  W  smoked  and  jilaeed  in  said  ehambor 
M  that  the  light  falls  u|wn  the  *moke<l  snrftesi 
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Tlib  loudest  sonqds  with  the  intermittent  )>Mni 
havu  been  obtained  bjr  meane  oCan  open  wire- 
gauee  smoked  or  covered  with  a  deposit  of 
ramp-l>l)ick.  With  alubular  resonator  baring 
5  the  interior  smoked  a  loud  sound  is  produced 
when  an  intermittent  L>eam  having  the  proper 
rate  of  vibration  is  allowed  to  fall  into  it. 

No  merouBexperiinenta  have  been  made  with 
various  other  substances.  Black  worsted  may 
lo  be  menlioned  an  giving,  with  the  intermittent 
beam,  a  good  sound,  although  much  inferior  to 
lamp  black.  Fibrous  material  coated  with 
lamp-biack  has  also  been  osed. 

Conducting-bodies  generally,  in  a  physical 
IS  condition  similar  to  lump-black,  especially  if 
of  dark  or  black  color,  yield  go^  sound. 
Spongy  platinum  should  be  particularly  men¬ 
tioned.  Other  metalsormetalliccom  pounds— 
as  silver,  copper,  black  oxide  of  manganese, 
20  and  the  like — are  also  sensitive  to  radiant  en- 
ergy,  and  give  out  sound  by  the  direct  action 
of  a  vibratory  beam.  The  prodiictionof  sound 
iu  this  way  is  couceived  to  be  dne  to  an  ab¬ 
sorption  and  expulsion  of  tlioair  by  tbevibra- 
25  tury  medium  acting,  as  it  were,  like  a  sponge. 
Thus  when  tbc  energy  of  the  radiant  beam  in¬ 
creases  the  particles  eoinposiug  the  vibratory 
medium  expand  and  expel  the  air  from  between 
them,  and  when  it  decreases  the  reverse  action 
30  takes  place  an<l  the  air  is  again  absor^d. 
These  rep4-atcd  expulsions  and  absurpliots  are 
preport  iouate  to  the  rise  and  full  of  radiant  en¬ 
ergy,  and  produce  correspouding  coodoosa- 
tioue  and  ntrefactions— or,  in  other  words, 
35  sound-waves — in  the  surrounding  atmosphere. 
Heat  due  to  the  absorption  of  tbe  radiar t  en¬ 
ergy  seems  therefore  to  be  the  principal  agent 
in  producing  tbe  cound-wavee. 

In  tbc  photopfaone  as  desbribed  in  Patent 
40  No.  235,199,  atmve  nieutiooed,  the  radiaat  vi¬ 
brations  were  converted  iuto  electrical  vibra¬ 
tions  by  a  dififeront  material  from  any  ns-.-d  for 
the  direct  production  of  sound  -  waves,  tbe 
peculiar  substaucc  seleuium  being  employed. 
45  The  resistance  which  selenium,  when  properly 
prepared,  oflers  to  an  clectrio  curreui  was 
known  to  vary  under  tbe  influence  of  rays  from 
tbe  sun  or  other  suitable  source  of  radiant  en¬ 
ergy,  and  it  was  therefore  employed  as  tbe  mo- 
JO  diura  fur  couvertiug  the  radiaat  into  ek-ctric 
vibrations.  It-  was  included  in  the  circuit  of 
agnlvauic  battery  and  placed  in  such  position 
tirat  the  radiant  beam  feil  upon  it.  The  va¬ 
riations  in  the  radiant  energy  due  to  the  vihra- 
55  lions  in  tbe  beam  pro«luced  correepoodiug  va¬ 
riations  in  tiie  resistanc^of  the  seleoiuiu  and 
in  the  galvanic  circuit  of  which  it  furnicd  a 
part,  and  consequently  iu  the  tenuion  of  the 
current  on  6.aid  circuit,  or.  in  other  woid.<«,they 
60  produced  electric:il  vibrations  iu  that  ci.'cuit. 
Hy  the  aid  of  cells  cuuslructcd  t-o  ezp<.se  a 
Inrjje  surface  of  Micsclcniuiu,  aiii  the  proper 
prt  paration  of  the  latter,  an  apparatus  was 
produced  so  sensitive  lo  variations  in  radiant 
65  cnoigy  ibat,withasuilabiiphotophonic trans- 
in  itler  and  with  an  ordirary  haiid-telephoue 


and  galvanic  cironit  connected  with  tbe  photo- 
phonio  receifing  apparat^is,-  ertlculatg  speech 
was  reproduced  pbotopbonically.' 

We  have  discovered  that  the  same  medium  ;o 
used  to  produce  musical  notes  or  to  reprodnoe 
speech  by  the  direct  action  of  tbe  radiant  ri-' 
bralions  can  be  used  to  convert  toe  latter  into 
wlectric  vibrations. 

If  a  layer  of  iamp-black  Isiocloded  in  an  7^ 
electric  cirenit  sud  is  exposed  to  the 'action  of 
a  vibratory  beam  of  rays  from  tbe  sun  or  other 
sonree,  variations  are  produced  in  the  electrie 
rcsistaucc  of  the  iamp-black, which  variations 
correspond  to  those  in  the  energy  of  the  vibra-  So  - 
tory  beam.  If  an  intermittent  beam  isallowed 
to  fuli  upon  tbe  lamp-black, electrical  impulses 
are  produced  in  the  circuit  in  which  the  lamp¬ 
black  is  included  corresponding  to  the  radiant 
impulses  of  the  beam,  and  if  a  telephonic  re-  85 
ceiver  is  also  included  in  tbe  circuit  a-unsical 
note  will  bebeard.  If  an  uadnlatoryor  ribrw- 
tory  beam  from  tbe  reflect:  og-transmitter  be¬ 
fore  mentioned,  or  other  speaking-transmitter 
which  gives  to  tbe  beam  vibrations  similar  90 
in  rate,  amplitude,  and  quality  to  the  soond- 
waves  of  articnlate  speech,  is  allowed  to  fall 
upon  the  Iamp-black,  the  electric  undulations 
or  vibrations  iu  the  galvnuic  circuit  will  rep- 
resentthewordsandsentenceswbicb  producra  9$ 
the  vibratory  tieam,  and  if  tbe  apparatns  is  ‘ 
sufficiently  sensiti ve lb ese  words  aud  sentences 
can  be  reprodaced  by  an  ordinary  tclephonie 
receiver.  The  use  of  selenium,  which  is  oh-' 
jeciiooable  for  reasons  based  nj^n  the  natnre  loe 
of  tho  Kubslance  itself,  as  well  as  upou  its  high 
price  and  scarcity,  can  therefore  be  dispensed 
with.  Tbe  same  objections  do  not  apply  to 
lamp-black. 

The  action  of  radiaat  energy  upon  the  vi-  105 
bratory  medium  to  produce  variations  in  the 
electrical  resistance  of  the  latter  appears  to 
be  similar  to  that  in  producing  sound  by  di¬ 
rect  action — that  is  to  nay,  tbe  particles  are 
brought  together  or  moved  apart  according  no 
to  tbe  increase  or  decrease  of  the  energy  of 
tho  boam.  They  consequently  furnish  to  the 
electric  current  a  path  of  less  or  greater  re¬ 
sistance. 

All  conductors  in  a  physical  condition  simi-  1 15 
lar  to  lao)p-black  have  tbeir  electrical  resist¬ 
ance  alfecced,  by  radiaat  energy.  Spongy  pla¬ 
tinum  IB  an  example. 

We  have  devised  a  form  of  cell  whereby  any 
desired  erieutorsurfaceof  the  lamp-black  can  12a 
be  exp  wed  to  the  radiant  energy  without  in¬ 
troducing  nndue  resistance  into  tbe  electrie 
circuit. 

Refcreuce  has  berei.ubcfore  been  made  to  tbs 
cells  used  with  selenium.  These  cells,  the  con-  115 
Btructionof  which  is  fully  described  in  Letters 
Patrol  Nos.  2.15,497  and  235,588,  both  dated 
December  14, 1880,  consist,  maiuly,  of  two  or 
more  couducclogstrips,  plates,  or  diska.placed 
side  by  side  and  separated  by  tbiu  sheets  of  130 
iusulating  material,  which  extend  nearlyio  the 
!  edges  of  the  platw,  ao  as  to  leave  s  narrow 
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anil  shallow  but  long  spnce  Iq  ro<K':vc  thoKC-  >  rollent  f^hMIh  tlm  eninbn  were 

Iriiinin.  The  poles  of  liio  ’K-iiig  eon-  i  foruinl  by  scraping  a  silvtretl  Him  from  :i  flu( 

iii'CteU  with  the  pliitrewliich  Ibnu  thoromlnet-  I  glass  plnte,  iW  jiw  i(<>scrib(*<l.  This  form  of 
ors  of  the  cell,  the  cnrreiii  Hows  fiori  one  lo  j  cuiKlucto'r' is.  however,  obviunsly  of  general  jo 
S  ^hc  other  through  the sclcNiiiin,  merliog  but  appliiatliop,  awl  can  beciiiplo,\v!«l  with  varioiu 
small  resistance  on  account  of  the  tliiiuiuss  of  ineials.  For  example,  tlie  coinbs  cao  be  cat 
the  seh-nium  layer,  lii  some  cases  iho  scle*  fromtin-foilanfl  piuteduponglasa.  Tlielanip- 
niuiii  .was  cast  arooinl  iiietallic  pins  einbedded  blnek  is  applied  to  these  cells  by  smoking  the 
ill  insnistiiig  mot^rialcuiini'ctcil  with  lt(cpoloi  proper  surface  ever  a  flame  from  a  coal-dil  jc 
to  of  the  battery.  i/ttup  or  other  suitable  bnrner.  Tbe  lamp- 

la  tho  present  inveutiun  the  co’iductorsaie  black  will  be  deposited  on  the  conductors  aa 
formed  of  thin  strips,  plates,  sheets,  wires,  or  weil  as  liclwecn  them;  bnt  this  docs  not  inter* 
films  fixed  or  moniited  upon  an  insnlatingbsck-  foie  with  the  practical  workings  of  (be  appa* 

Ing  or  support  with  their  cilgi-s  opposed  and  ratus.  The  depth  of  tlio  Inycr  deposited  may  So 
15  near  together,  so  ss  to  leave  one  or  more  nar*  lie  jtisc  antiicieiit  to  rentier  the  surface  senai* 
row  clmuiiels  to  receive  the  sensitive  iiicdiniii.  lily  opaque.  The  chamoter  of  the  result  is  a(- 
Cells  of  this  clmructer  arc  much  siiuplcr  than  fected  by  the  depth  and  also  by  the  extent  of 
those  already  patented,  and  they  ate,  lic^idcs,  surface  eximsed  10  the  radiant  energy.  Al- 
bettcradaptisd  to  use  in  conncctiou  with  htiiip.  though  no  special  extent  is  requisite,  a  very  85 
20  black.  Ti;e  improved  cells  can  be  made  with  large  stirr;ice  is  not  dc.«>rable,  and  there  is  a 
a  curved  or  cylindrical  surface,  although  a  dot  tcriain  limit  at  which  the  best  results  are  ob* 
aarface  would  generally  lie  prererr<-;i.  and  the  (aiued  in  any  ense;  but  this  limit  varies  with 
cunductuis  Clin  l-e  niaile  of  \  arioo--  rucius  and  the  energy  ol  the  radiant  beam,  the  strength 
metals.  of  the  battery,  and  other  conditions,  so  that  90 

2$  K.\-cellcnt  results  have  liecii  olVaineil  with  a  an  simple  rule  can  'be  given.  By  depositing 
cell  having  two  conductors  which  resi-niblein  j  npou  Iba  silvered  gl.ass,  rii(fd  or  scraped  as 
niipuaniiic'/COinlis  with  wi<lo  sjeu-.cd  iccth,  and  ■  explained,  a  layer  whieh  is  sensibly  opaque 
which  are  secured  to  tho  iiisuliiiing-luckiiig  '  and  wiping  it  o‘lT  gradually  around  the  edges, 
ill  such  relative  position  ihai  tin*.  t<«.‘th  of  one  j  a  spot  cf  sniUible  size  and  character  can  be  9^ 
30  comb  alternate  oi  intcrincsli  with  the  teeth  of  j  re.ad)ly  obtaiued. 

titc  other,  but  are  not  in  coiiluct  with  them.  I  The  cell  is  ordinarily  secured  in  position  inn 
T!ic  sensitive  mcdiiim  fills  IIicsjmcf*  between  !  soan<lch.a!i)ber  having  a  glass  plate  for  the  eo- 
(lio  teeth  of  tho  two  coinlnctnrs,  and  by  in*  tr.tnco  of  the  rndiant  beauni,  and  itis  soplacod 
cvcasiiig  the  number  and  length  of  the  teeth  that  said  beams  fall  npon  the  lamp-black.  If  100 
55  till!  surliico  can  be  increased  to  auy  <!^•s^l•t•dcx•  it  is  desired  to  receive  a  raessi^e  or  si^al  di- 
ti'iit.  Tho  i\«sis(aiicc  to  the  electric  current  reclly,  as  well  as  tbrongb  the  iuterniediar}’ of 
w  ill,  of  course,  depend  upon  the  luu-oi  or  area  the  clccli  ie  current,  the  sound-chamber  id  pro¬ 
of  sensitive  medium,  and  upon  the  distance  vided  with  one  or  uiore  ear-tubes, 
wli.oh  separates  the  teeth  of  one  comb  from  The  lamp-biack  cell  can  be  located  In  the  10$ 
4c  ili  'se  of  the  other.  main  circuit  iu  which  the  electrical  or  t«Ie- 

lu  order  that  the  electric  current  may  flow  phonic  receiving  upparatns  is  placed,  or  it  can 
C(|ually  from  the  several  teeth,  or  gcueraliy  be  connected  with  a  rcceiving-pireiiit  by  means 
from  one  vdnductor  to  aiiotber,it  is  necessary  of  animliiccionooilor  coils, astelephonictrons- 
that  the  spaces  Between  their  adjacent  edges  mitters  using  a  battery  b.'vve  been  oonoseted.  no 
4$  slionhl  be  everywhere  thestime.  Haviug  explained  the  general  principles  of 

Wc  have  (bnnd  that  4  film  of  Silver  depos-  oor  invention,  we  will  now  proceedto  describe 
i(c<'  upou  a  ghiss  plate  by  the  uietbffle  ordi*  npiViratus  cou-virncted  in  accordaote  with  the 
narily  eiiipluyud  fur  silvering  mirrors  is  pcs-  same,  refereiicp  hfiug  had  to  the  accompany- 
seised  of  great  toiighnes.n,  and  can,  with  a  ing  drew ingr,  which  formapartof  tfaiSSptei-  115 
50  Roitahle  tool,  be  ritlw  or  serened  off  In  stripes,  Heat  ion. 

s<i  iw  to  leave  sharp  edges  which  appear  clean  FigOro  1  is, a  seotiuoal  view,  illustrating ap- 
aiidwdldcfiiicd. even underauiieioscope.  As  ^larattis  for  tr.:u«tuiHing  .srecrh  photepboni- 
llie  silvcroil  film  Ja  not  alTvcled  iuJnriouHly  by  cally  without  lbs  aid  of  nn  eiecti  ic  circuit;  Fig, 
l.titip-blHck,  it  i-s  from  iU  great  coiiduciivily  ’3,  a  soctioiiivl.  view  of  a  slightly  altered  form  of  no 
.vs  and  the  acctiuicy  with  which  it  cm  lie  ruled,  a  receiver,  shown  in  coniievtion  with  the  appa- 
ciiijnenily  ailiipU'd  to  use  in  this  invention  ;is  ir.los  for  pitalucing  an  intermittent  brem; 
the  conductor  of  the  photoplionic  receiver.  Fig.  2',  a  front  view  of  one  of  the  disk.v  of  the 
The  silvered  film  can  be  ilcposit.'d  upon  a  iiaeriiiittent  hciui  apparatus;  Fig.  2*.  a  simi- 
curved  or  tint  surface,  and  can  lie  .>:i-ia|»ed  cll’  lar  vi.iw  of  a  wire  gauze  disk  used  iu  the  re-  125 
60  fii  siraigiif,  r-igxug,  circular,  .spire i,  or  other  eviver;  Figs.  3aad 4, views,  insccliunand plan, 
suitable  lines.  The  width  of  the  stripe  or  oflhe  lamp  ldack  cell  with  inUirmesbingcoiiiba 
stripes  rcliiotitl  is  regulated  by  the  scraping-  ofsilvcriilm;  Figs.  .5aiid(l,plan  vietvsof other 
l>)ol,amltheposilionofthelaUcriuopcretionis  forms  of  the  evil;  Fig.  7,  a  view  showing  the 
conlrolled  and  n-ljiisled  by  iiitdumical  luean.-i,  cell  in  rireuit  with  galvanic  battery  and  hand-  130 
65  so  that  tbfl  ulmw.t  exacluesB  can  be  uhteined.  telephone  aud  the  iiitermittcut  -  beam  a^'O- 
Jn  the  cell  before  referred  to  as  giving  ex-  ratiisasthephotnpuonictraosmiiter;  and  Fig, 
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8,  a  view,  parti}’  in  secUea,  niustratiDg  tbe  ap¬ 
paratus  for  traDsmitting'speech.  a»<l  showing 
a  photopbonie  receiver  connMtcd  wHb  a  telc- 
pbonie  circuit,  and  also  provided  with  means 
j  for  collecliug  and  conveying  to  the  car  of  the 
iistcuer  souud-vaves  directly  produced. 

The  same  letters  of  reference  indicate  like 
parte  io  the  several  figures  in  which  they  oc¬ 
cur. 

lo  Aisareflectiogpbotophooictransmitter;  B, 
tbe  intermilteut-b^m  apparatus;  C,tbe  plio- 
tophonie  receiver;  D,  a  galvanic  circuit;  ^  an 
ordinary  hand' telephone;  F,an  induction  coil. 

The  reflecting -transmitter  A  consists  of  a 
15  mirror  of  thinsilvered  glr^o,  which  isthrown 
into  vibrations  by  the  voice  of  a  person  speak¬ 
ing  into  the  tube  a',  and  reflects  more  or  less 
uf  the  beam  of  sunliglit  or  other  radiant  beam 
toward  Ino  receiver  C. 

30  The  intermittent- beam  apparatus  B  com¬ 
prises  two  disk-wheels,  b,  with  a  series  of  ra¬ 
dial  openings  in  the  path  of  thpbeam.  Oneof 
these  disk- wheels  is  stationary  and  the  other 
revolves,  or  they  tK>th  revolve  in  opposite  di- 
3£  rections,  or  in  the  same  direction  at  unequal 
velooities.  The  heam.  being  consequently  cut 
off  by  tbe  blank  spaces  and  allowed  to  pass 
through  the  openings  when  those  in  one  disk 
register  with  those  in  the  other,  is  intermittent 
30  in  its  action.  A  beam  from  the  ana  or  from 
an  artificial  source  can  be  employed  with  this 
appHralus.  The  l>eaui  c-Jit  be  eonueutniled  be¬ 
fore  or  after  passing  throngh  the  disk-wheels, 
and  can  be  reflected  by  mirrors  to  tbe  proper 
35  path, or  alio  wed  to  fall  directly  uponlhewheels. 

These  two  forms  of  transmitting  apparatus 
are  shown  as  types.  Any  photopbooic  trans¬ 
mitter  of  ordinary  or  soitable  construction  con 
be  ns^  with  the  improved  receiver. 

40  In  Fig.  1  tbe  receiver  C  cousists  of  a  funnel- 
shaped  Mund  chamber,  c,  the  interior  flaring 
walls  of  which  are  smoked  or  covered  with  a 
deposit  of  lamp-black,  x.  Tiie  mouth  is  eov- 
eted  with  aglassp1ate,e',andasooad-C0ave7- 
45  iiig  tnbe,  o’,  commauicates  with  the  contract^ 
portion  in  the  rear.  Speech  or  other  sound  ut¬ 
tered  into  the  tube  o'  of  tbe  transmitter  A  can 
be' beard  by  listening  at  tbe  tnbe  c*  of  tbe  re¬ 
ceiver  G.  The  distance  over  which  speech  can 
50  be  transmitted  in  this  way  and  tbe  distinctness 
of  the  sounds  reproduced  depend  npou  tbcen- 
ergy  of  tbe  beam  employed. 

In  Fig.  2  the  receiver  G  contains  a  piece  of 
wire  gauze,  o’,  upon  which  the  lamp-black  x  is 
55  deposited.  The  walls  of  thesound  chamber  e 
can  also  be  smoked,  as  shown,  or  not,  as  de- 
tir?d.  Tbe  sound  is  received  by  tturlube 
f  -  Of  fore.  I 

In  Figs.  3  and  4  the  receiver  is  a  iacnp  bl&ck 
60  ceil,  and  comprises  the  glass  plate  or  insulat¬ 
ing  support  d,  the  intermesbingcomlw  or  000- 
dnetorv  e  of  silver  film,  the  binding-posts/ 
/',  connected  with  cheoondnclore  «  o',  respect¬ 
ively,  bythe  meU'lic  plates  yp',aud  the  lamp- 
65  black  X.  . 

In  forming  tbe  cell  the  silver  is  deposited  in  ' 


any  ordinary  or  snitab|e  way.  The  desire^ 
portions  are  removed  or  scraped  off  by  means 
of  a  tool  with  a  flat  end.  This  tool  be 
made  like  a  chisel,  or  a  punch  with  couleal  70 
point  can  be  ground  ofif  or  cut  at  right  sneles 
to  the  axis,  so  as  to  leave  a  flat  end  with  a 
diameter  eqnal  to  tbe  desired  width  of  the 
stripe  to  bo  removed.  The  mechanical  rnl’ng 
or  scraping  of  tbe  plate  can  be  easily  eflWdea  75 
by  means  of  an  ordinary  lathe  provided  with 
a  alide  rest.  Tbe  tool  is  held  in  a  frame  sap- 
ported  between  centers.  Tbe  plate  isclaApw 
to  a  bfd-platc  beneath  with  the  silvered  side 
uppermost,  In  such  position  that  when  the  tool  80 
is  pressed  down  and  penetrates  the  film  its 
operating  end  rests  flat  upon  the  snrface  of  the 
glass.  The  bed -plate  carrying  tbe  silvered 
plate  can  be  worked  lengthwise  of  the  lathe  to 
rule  or  scrape  off  the  lines  in  one  direction,  aodi  85 
then  moved  across  at  right  angles  to  tbe  length 
to  briug  the  plate  into  position  for  scrapinga 
new  line.  .  ,  * 

It  is  not  necessary  to  remove  the  tool  from 
the  plate.  The  lengthwise  movement  under  90 
the  tool  removes  tbe  film  so  ns  to  form  tbe 
spaces  between  the  teeth  of  the  combs,  and 
the  transverse  movementconnects  these  spaces 
with  each  other  alternately  at  opposite  enda. 

The  binding-poets  are  fastened  to  the  gl.nss  95 
plate  in  any  ordinary  or  suitable  way,  and  are 
in  electrical  connection  with  the  two  parts  of 
tbq  conducting-film.  To  apply  the  carbon  the 
silvered  side  of  the  glass,  plate  iasmoked  over 
a  suitable  bnrner.  too 

In  Fig.  6  tbe  silver  film  is  scraped  off  in  the 
form  of  a  doable  spiral,  leaving  the  oondnet- 
ors  e  s'.  In  Fig.  6  tbe  cooductors  e  /  have 
curved  intermesbing  teeth.  In  these  Sguree 
tbe  lamp  black  x  is  shown  as  confiaed  to  the  ics 
spaces  between  the  conductors  in  order  to 
show  tbe  latter  more  clearly;  but  in  practice 
the  cond actors  would  ordinarily  bethemselves 
coated. 

In  Fig.  7  tbe  poles  of  the  galvanic  circoit  D  1 10 
are  connected  with  tbe  binding-posts //*.  A 
mnsical  note  produced  by  the  action  of  tbeia- 
termittent  beam  can  be  heard  by  applying 
telephone  E  to  the  ear. 

In  Fig.  S  tbe  lamp-black  cell  is  placed  in  a  115 
sonnd-chamber,  c,  and  is  connected  with  a  bat¬ 
tery  in  tbe  primary  circuit  of  the  induction' 
coil  F,  I  be  telephone  E  beine  connected  in  (be 
secondary  circuit  of  tbe  coil.  The  chambeji^  C 
has  a  glass  plate,  as  in  Fig.  1,  throngh  which  lao 
the  radiant  energy  is  <  -’insiuitted,  and  a  bear- 
ing-tutie,  c*,  for  conveying  the  aonud-waves 
produced  in  the  receiver  to  the  ear.  Sonuds 
uttered  into  tbe  tube  a'  of  the  transmitter  can 
be  heard  cither  by  listening  at  the  tube  c*  or  105 
by  means  of  tbe  telephone  E. 

It  is  obvious  that  various  modifications  may 
be  made  without  departing  from  tbe  spirit  of 
the  invention,  and  that  parte  uf  said  iu  ventioo 
conld  be  used  without  the  others.  The  forms  130 
of  cella  need  for  selenium  can  be  used  with 
lamp-black,  and  tbe  improved  cell  cau  be  eAi- 


ployml  will!  any  « nitahic  forir*  of  sensitive  mc- 
iliiim;  biitlhc  incUil  composing  the  conductors 
should  Imsucli  as  not  to  be  itijui  ioasly  afTected 
by  the  action  of  the  seueitive  inediuni. 

5  The  insutnling-platc  with  the  ruled  orsernped 
silver  film  thereon  can  be  cmployt.*!  to  meas¬ 
ure  the  electric  conductivity  of  various  sub- 
stances,  liquids,  and  gastfs  by  e-.mnecti.ng  the 
binding-posts  with  the  poles  of  a  galvanom- 
lo  cUr-circuit  and  immersing  the  plate  with  the 
substance  to  be  tested,  or  covering  the  sil 
vered  side  with  the  same.  In  some  cases  tlie 
silver  film  can  be  deposited  on  both  sides  of 
tlic  plate  and  rnled  as  before  described. 

IS  Telepbonie  transmitters  and  receivers  cau 
be  formed  by  meansof  appai-atiisUkctbelamp- 
black  cell;  but  these  will  form  tlic  subject  of 
separate  applications. 

That  pari  of  the  invention  wliicli  relates  to 
30  the  coDvccsiou  of  the  radiant  vibrations  into 
electrical  vibnilioas.ia  not  limited  to  lamp¬ 
black,  but  includes  other  forms  of  carbon,  and 
also  other  materials  which  operate  in  a  snb- 
Gtantially  similar  manner  to  lamp  black. 

«S  Uaviug  now  fully  described  our  said  inven¬ 
tion  and  the  manner  of  carrying  the  same  into 
effect,  what  ve  claim  is— 

1.  In  a  pbotopbooic  receiver,  the  sound- 
chamber  foi  containing  the  sensitive  raediuoi, 

30  haviug  a  wall  transparent  to  light  or  radiant 
energy, bntopaqueor  leas  transpareotto  sound, 
sobstantiaily  as  described. 

2.  The  conibination  0/  the  souud  cliamber, 
having  a  wall  Iraosparent  to  radiant  cner;^, 

55  bntopaqueor  less  transparent  to  sound,  with 
the  sensitive  medium  therein  contained,  and 
a  sound  conveyer  or  opening  communicating 
with  the  interior  of said  chamber, snbstaaiially 
asdeecribed. 

V>  3.  In  a  pbotophonio  receiver,  the  sensitive 
medium,  composed  of  vibratory  material  in  an 
open,  porona,or subdivided  condition,  snbstan- 
tiailf  m  described. 

4.  Ins  pbotophonio  reoeiver.aeensitiveiae- 
45  dinm  of  lamp-black  or  similar  material,  snb- 
stautfolly  as  described. 

6.  A  photopbonicrcceiver  having  as  thesen- 
siti  re  medium  a  deposit  of  vibratory  material 
in  a  Icoee,  porot^  snbdivided,  floccnient,  or 

50  spongy  conditionj  sabstaotiolly  os  described. 

0.  In  a  photophouio  receiver,  the  combina¬ 
tion  of  a  sensitive  me^om  conductiveof  oleo- 
triciry,  in  a  loooe,  poroGa,or  snbdivided  condi¬ 
tion  SDcb  as  lamp-block,  and  ooudnetors  far  fn- 
55  clmliag  the  same  in  an  slectrtocircult,anbeUn- 
tially  M  described,  so  that  radiaut  vibra'iona 
can  be  thereby  converted  into  electric  vibra¬ 
tions,  00  set  forth. 

7.  Thecombination  of  the  lamp-black  or  other 
60  vibratory  eoudnotlog  material  in  loose  parti* 

elea,  the  rigid  onohstaoUally  IneztenstbiesQp* 


port  of  insulating  material,  and  conducton  by 
which  I  he  lamp-bl&nk  cun  he  inrloded  in  an 
electric  circuit,  os  set  forth. 

8.  A  cell  comprising  sheets,  i>l.tt<«,  or  strips  65 
of  comliicting  uia'eriai,  fixed  or  monoted  upon 
a  support  of  insulating  material,  with  their 
edges  opposite  each  other  and  separated  by  a 
suitable  dist.'*!)ce,  and  sensitive  coodnctinc 
iiiHtcriai  in  the  space  or  spaces  between  said  70 
edges,  sulHttaidially  as  described. 

k  A  support  of  insulating  material,  having 
cond)  sliapt^  conducton  fixed  or  mounted  on 
said  support,  as  indicated,  so  that  the  teeth  of 
the  combs  iiitermcsh  but  are  uot  in  oontaci  75 
with  each  other,  substautially  os  described. 

10.  A  silvered  plate  having  the  silver  film 
niec-haiiiuariy  ruled  or  scraped,  us  described, 
so  as  to  leave  parallel  lines  or  stripes  of  equal 
width,  and  with  sharp,  clean  edges,  snbetan-  80 
tially  as  set  forth. 

11.  Tbj  iusulating-plate  having  on  one  or 
both  sides  a  silver  film  rnled  or  scraped,  as 
described,  so  as  to  divide  the  silver  film  into 
two  or  more  couductora,  in  combination  with  8$ 
Lindiog  poo's  connected  with  the  parts  of  said 
film  or  films,  substantially  as  set  forth. 

12.  Thecombination  of  the  insulatiog-plato 
and  ruled  silver  film  with  the  lamp-black  or 
sensitive  medium  included  in  the  ruled  or  90 
scraped  spaces  in  said  film,  substantially  as 
set  forth. 

13.  The  combination,  with  agalvaniceironit, 
of  a  pbotophonio  cell  comprising  a  glass  plate 
with  rnled  silver  film  thereon,  lamp-black  de-  95 
posited  io  the  rnled  spaces  in  said  film,  and  con* 
neclions  for  completing  the  galvauto  eireaft 
tbrongb  said  cell,  snbstactially  as  described. 

14.  The  oombinatioo,  with  a  pbotophonio 
cell,  of  an  indbciion-coil,  electric  cenne^ona  100 
for  inclodiDg  said  cell  in  one  cirenit  of  said 
coil,  and  a  telepbone-eircnit  oooneeted  with 
the  other  circuit  of  said  coil,  aabstantially  aO 
described.  . 

16.  ...  pbotophonio  receiver  oomprIsiDg  a  tog 
sonud-cbanib^  having  a  wall  tianaparent  to 
radiant  energy,  but  opaque  or  less  transparent  . 
to  sonnd,  a  wll  having  a  vibratory  sensitive 
mediem.  snob  as  lamp-black,  electrical  eon> 
Doctions  for  counocting  said  cell  io  an  elee-  lio 
trieal  efrenit,  and  a  heariog-tnbe  oonnerted 
with  the  interior  of  said  sonnd-ebamber,  snb- 
stentialiy  a-s  described. 

In  testimony  whereof  we  have  signed  this 
specification  io  the  presecoe  of  two  tobso.'ib-  115 
log  witneosea. 

ALZXA1IDE&  GRAHAM  BELL. 

BUMHEB  TAINTBR. 

Witeseaest 

Puti.ip  Maviio, 

A.  POUOK. 
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I.  •  INTRODUCTION 

Tha  optical  Qbar,  aa  a  madium  £or  com* 
moaieadoaa,  haa  baaa  auccaaaiuUy  raplaciag 
matallic  cabla  truoka.  It  ia  praaaatly  aarviag  tba 
commuaicatioa  iaduatry  ia  both  high  capacity  aad 
low  capacity  Uaka.  Thoa  far,  with  faw  axcaptioaa, 
tha.highaat  voluma  uaara  at  traaamiaaiooa  Uaaa, 
subacribara,  hava  baaa  aaglaetad. 

Whao  Mr.  Faldmaa  diacuaaad  hia  "All 
Optical  Talaphoaa"  at  ICC*81  ia  Daavar,  Colorado 
ia  Juaa  1981,  it  waa  a  atap  toward  corractiag  thia 
aaglact.  Ha  daacribad  aa  iaatramaat  aarvad  by 
optical  fibara,  aimpla,  aad  iaaxpaaaiva,  raquiriag 
oo  alactricai  powar.  Hia  coacaptual  ayatam  coa* 
taiqad  six  compoaaata,  two  oi  which,  aarphoaa  aad 
riagar,  aaamad  to  praaaat  a'oma  maaaara  oi 
barriar  to  inccaaahU  impiamaetatioa.  A  govarn* 
maat  coatract  waa  awardad  to  Harria  Corporatioa, 
Malbouraa,  Florida,  ia  Novambar  1981,  to  damoa* 
strata  tha  iaaaibUity  oi  tha  coacapt.  Tha  barriar 
Itama.  would  gat  apaciai  attaotioa  ia  tha  axaeotioa 
oi  thia  coatract. 

Ia  thia  papar,  wa  wiUdaacriba  tha  work 
purauad  aad  aceompUahad  by  Harria.  Thraa  oi  tha 
six  campoaaota,  haar  (aarphoaa),  talk,  aad  riag, 
will  ba  addraaaad.  Tha  axpaodad  aiibrt  has  coa* 
aiatad  oi  a  judicioua  mix  oi  compatar  modaliag, 
braiaatormiag,  aogiaaariag,  aad  modal  ahop  work. 
Our  aiiorta  will  ba  daacribad,  our  rasulta  docu* 
maotad,  aad  our  daaigaa  diacuaaad. 

It  abould  ba  ootad  that  oaa  barriar  com* 
poooot,  tba  optical  to  aouad  coovartar,  waa 
addraaaad  100  yaara  ago  by  Alaxaodar  Graham 
BalL  Though  aavaral  axparimaotara  hara  workad 
oa  it  aiaca,  wa  baiia^a  that  this  is  tba  Brat  work 
directad  at  ita  usa  io  a  oomplata  talaphoaa  iaatru* 
maot.  What  ia  raportod  hara  ia  a  Brat  cut  aifort 
to  damooatrata  IaaaibUity.  VTa  raaUsa  thaaa 
aiiorta  ara  primitiaa,  but,  tuUy  axpact  that  tha 
rai'inamaot  procaaa  aod  optimizatioo  will  follow 
rapidly. 


2.  TALK  FUNCTION 

Tha  fuactioo  oi  tha  TALK  maehaoism  is  to 
coovart  apokao  words  ioto  modulatad  light.  This 
light  is  couplad  by  optical  Bbar  to  aoalactraaie 
switchboard  aad  thoa  racoovartad  into  souod  at  a 
HEAR  maehaoism.  Tha  iraquaocy  raapoosa  oi 
tha  TAUC  maehaoism  must  ba  raasooably  flat 
ovar  tha  voica  band,  300  to  3300  Ha.  aad  typical 
voice  laaala  must  gaoerata  auiBciaot  optical 
modulatioo  to  ba  datactad  aad  racoovartad  to 
aouad  with  a  auiBciaot  aigoal  to  ooisa  ratio,  as 
ia  a  coovaotioaal  talaphoaa  sat. 

Two  basic  modulatioo  mathods,  phasa 
modulatioo  aad  amplituda  modulatioo.  wara 
cooaidarad  for  tha  talk  machaaism.  Phasa 
modalatioa  of  light  by  proa  aura  wavas  racaotly 
haa  baaa  axplored  aod  optimisad  using  optical 
fibars  io  r  uadarwatar  sanaor  appUcatioas.  Tha 
atajor  diaadvaatago  oi  thia  mathod  is  that  com* 
pUcatad  iatariaromatrie  toebaiquoa  ara  usually 
raqulrod  to  damodulata  tha  phaaa  aaeodad  ia- 
iormatioa.  It  waa  dacidad,  tharoibra,  bacausa  of 
ihalr  oaaiar  implamaatatioa.  to  eoocaatrata  oa 
amplituda  asodulatioo  tachaiquas.  Thara  ara 
oumaroua  paasiva  ampUtudo  modalatioa  tach* 
oiquas,  laeludiag  aouad  dapaadoat  fibor  mis* 
aligamaat,  fmstratad  total  iataraal  roBactioa, 
microbandiag  loss  modalatioa,  ate.  Tha  approach 
aaloctad  by  Harris  for  tha  TALK  fuactiea  waa  tha 
Brat  roprasaatad  as  loss  owduiatioa  by  variabla 
optical  coupliag  batwoaa  two  ead*to-aad  coasdally 
aUgaad  Bbars.  Ia  this  tschaiqua,  oaa  oi  tha  Bbora 
is  fixod  ia  positloo,  whUa  tha  othar  ia  attachad  to 
tbs  eoatar  oi  a  thia  mambraao  diaphragm.  Sound 
waves  iacident  oo  the  membrane  cause  it  to 
vibrate  resultiag  la  changes  in  tha  coupling 
oiBciaacy  batwaoo  tbo  two  fibars.  Tha  amouat 
oi  coupliag,  aad  thareiore  tha  magaituda  oi  tha 
iataaslty  variatieas,  depaads  oa  tha  ampUtuda 
of  the  diaphragm  vibrations. 

The  TALK  maehaoism  model  ia  a 
homogeneous  circular  membraaa  driven  by  a 
constaat  prassure  across  the  surface  with  no 
damping  forces.  Solution  of  the  wave  equation 
of  this  ayatam  for  the  amplitude  of  tha  mem* 
braoa  displacemaat.  y,  results  in: 
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•vhere: 


Jo(kr),  Baaacl  function  of  order  zero. 
P,  drive  preaaure,  dynea/em^. 

T,  membmne  tenaion.  dynaa/cm^ 
k  »  ui  •J  a/T,  rnd/cm. 
a.  area  denaity,  gm/cm^. 


frequency,  rad/aec. 

the  radiua  at  which  the  dia  placement  ia 

meaaured,  cm 


Thia  equation  waa  uaed  to  generate  plate  oi  mem¬ 
brane  diaplacement  at  the  center  of  the  cell,  where 
the  fiber  enda  were  placed,  aa  a  function  of 
frequency.  Since  the  fiber  enda,  one  fixed  and  one 
nnoving  with  the  membrane,  are  at  the  center,  the 
plota  repreaent  inatantaneoua  fiber  coupling 
and  thua,  light  amplitude.  A  typical  plot  la  ahown 
in  Figure  2.  I,  Aa  mentioned  prevloualy,  in  order 
to  reproduce  ideally  the  individual  voice  charac- 
teriatiea  of  the  uaer,  the  reaponae  of  the  TALK 
mechaniam  afaould  be  flat  acroaa  the  voice  band 
from  300  to  3300  Hz.  One  way  to  aceompUab  thia 
ia  to  aet  the  membrane  parametera  auch  that  the 
firat  reaoaance  la  above  the  band  of  Intereat. 

The  other  option  ia  to  generate  reaonancea  acroaa 
the  frequency  band,  eapecially  at  the  high 
frequency  end  where  overtonea  typically  give 
voicea  their  individuality. 


The  Harria  deaign  for  the  talk  mechaniam 
ia  ahown  in  Figure  2.2.  A  diak  of  12.  7  micron 
thick  mylar  waa  atretebed  acroaa  a  4  cm  ring  and 
fixed  at  the  edgea.  The  input  fiber  waa  attached 
m  the  mounting  ring  and  to  the  center  of  the  mem¬ 
brane  by  a  amall  drop  oi  aooxy.  The  output  fiber 
waa  mounted  inaide  a  hypodermic  needle  cut  and 
ooliahed  flat  at  both  enda.  The  30um  core  input 
and  outout  fibera  were  aligned  to  maximize  the 
coupling  efficiency  of  the  light  in  the  atatic  mode, 
and  then  the  needle  attached  to  the  ring  mount  by 
epoxy  to  hold  the  fiber  atationary. 


3. 


HEAR  FUNCTION 


The  paaaive  HEAR  mechaniam  muat 
convert  light  into  aound  with  a  bandwidth  of 
300-3300  Hz  and  a  aound  preaaure  level  at  the  ear 
of  at  leaat  31  dB.  Two  deaign  approachea  were 
conaidered.  In  the  firat,  the  Edelman^  approach 
shown  in  Figure  3.  1,  the  optical  energy  ia 


abaorbed  aa  heat  in  optical  fibers  having  a  high 
Youngs  modulus,  low  specific  heat  and  a  large 
coefficient  of  thermal  expansion.  The  fibers 
expand  and  contract  under  tension  aa  a  function 
of  the  modulated  optical  input  and  drive  a  dia¬ 
phragm  element  which  ia  'mpedanced  matched  for 
the  desired  voice  bandwidth.  Input  modulated 
light  is  thus  converted  into  sound  pressure  waves 
by  the  atoving  diaphragm. 

The  second  approach,  the  Klaiaman-Nelaon2 
approach  shown  In  Figure  3.  2.  consists  of  a  small 
photo-acouatie  cell,  which  converts  the  light 
modulation  into  aound  waves,  and  an  acoustic 
impedance  matching  system.  The  last  impedance 
matching  element  la  an  eatponentially  tapered  horn 
which  couples  sound  to  the  ear.  The  photo- 
acoustic  Interaction  occurs  between  the  light  and 
a  amall  quantity  of  auapended  carbonized  cotton. 

As  the  input  light  intensity  varies  with  the  HEAR 
signal,  the  cotton  and  aurrounding  gas  heat  and 
cool  and  thna  expand  and  contract  producing  an 
acoustic  pressure  wave.  The  Impedance 
matching  system  maximizes  the  acoustic  energy 
transmitted  to  the  ear.  Calculations  made  of  the 
expected  performance  of  the  Edelmang  and  the 
Kleinman- Nelson^  approaches  indicated  that  the 
latter  approach  had  a  1 0  dB  higher  conversion 
efficiency.  Because  of  this  and  the  proven 
nature  of  the  Kleinmaa- Nelson  approach,  it  was 
decided  to  incorporau  this  technique  ia  the 
Harris  design. 

The  Harris  HEAR  mechanism  design  con¬ 
sists  of  aa  exponential  bora  similar  to  that  of 
Kleinmaa- Nelson  approach.  The  Harria  design 
was  computer  optimised  and  resulted  la  a 
mechanism  with  10%  less  overall  length  and  aa 
increase  of  approximately  3  dB  la  output  over 
the  desired  bandwidth  aa  compared  to  the 
Kleiamaa-Nelsea  approach.  Air  was  chosen  aa 
the  internal  gaseous  medium  for  ease  of  fabri¬ 
cation.  although  it  has  been  shown,  that  other 
internal  gases  can  Increase  sensitivity.  How- 
ever,  this  requires  added  complexity  of  a 
diaphragm  for  gas  confinement. 

It  was  decided  to  fabricate  the  horn  by 
machining  a  two  piece  aluminum  mandril  on  a 
lathe,  electroplating  copper  on  the  outside  of  the 
mandril  and,  aubaequently,  etching  the  aluminum 
in  a  hot  aulphuric  acid  bath.  The  reaulting  form 
ia  a  rigid  copper  horn  whose  inside  dimensions 
are  the  same  aa  the  outside  dimensions  of  the 
aluminum  mandril.  Inertance  tube  equalizers, 
photo-acoustic  cell  and  ear-piece  coupler  can 
then  be  attached. 


Following  tha  oonaenclatura  ot  Klainman* 
Nelaon  (K-N)3,  the  equivnlant  circuit  of  the  photo- 
phone  is  shown  in  Figure  1.  3.  The  solution  of 
che  circuit  shown  reduces  to; 
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zi  )  *  j  ,  chxrxctariatie  impadnnca 

■  m-rrr-j  2 

of  X  lossless  tuba. 

m  -  3  3  X  soluhons. 

~  *  (la  (r2/ri))/l,  exponaatial  taper  coostaat. 

laagth  of  bora.  cm. 

pressure  at  ear-piece  coupler,  dyaes/  cm2. 

z,,  acoustic  impedaaca  of  ear  coupler, 
gm/sae  cm*^. 

z^,  acoustic  impedaaee  of  source  volume, 
gm/sac  cm'. 

S^,  velocity  flow  of  photo-acoustic  source, 
cc/see. 

T]  7,  equalizer  impedances,  gm/sac  cm^. 

TVD,  thermoviseous  damping,  gm/sec  cm**. 

density  of  medium,  gm/cc. 
c,  velocity  of  sound,  cm/ sec. 

,,  input  and  output  radii  of  the  hora,  cm. 

T^,  boundary  layer  radius,  cm. 

.1.  complex  term  of  propagation  constant. 

'<  *  jj/  c,  rad/  cm. 

.1,  frequency  dependent  functions  for  boun¬ 
dary  layer  approximation. 


Further  manipulation  yields  che  transier  mnction, 
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where:  figure  of  merit  for  the  gas:  air  s  1. 

Gy,,  dispersion  function  for  a  sphere 
volume  approximatioo  of  the  cell. 
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V  *  Jflt) 

Integration  of  l-2e'^  cos  t  4  e*2^  over 
2rr  in  equation  3  (tha  term  of  which  arises  from 
oscillations  due  to  resonances  of  travailing  waves 
in  Che  tube)  results  in  an  average  ora  smoothed 
response,  < 
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The  output  intensity  is  tha  product  of  Hy, 
with  tha  following  function,  Oy,. 
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where: 

Rg,  880  gm/sac  cm**,  a  constant  to 
normalize  Ki,y. 

7^,  specific  heat  ratio  of  gas. 

,  RMS  optical  power,  mW. 
atmospheric  pressure,  dyoes/cm*. 
Ig,  2  .x  10  dynes /cm”. 


A  computar  pradicted  plot  oi  tha  Harris 
HEAR  mechaoism  respoaae  compared  to  the 
K-N  photophooe  appears  in  Figure  i.  4. 

4.  RING  FUNCTION 

As  in  the  case  oi  th?  HEAR  ftinction,  the 
technical  challenge  of  the  RING  implementation 
lies  in  tha  need  to  obtain  a  noticeable  acoustic 
output  from  tha  telephone  eat  at  a  level  of 
approjtimately  75  dB  sound  pressure  level  (SPL) 
at  1  meter  with  only  an  optical  input  from  the 
fiber  link.  However,  the  RING  function,  unlike 
the  HEAR,  does  not  convey  detailed  communi* 
cations,  but  serves  only  to  alert  the  telephone 
user  to  an  incoming  call.  There  are  two 
possible  means  for  producing  the  required 
sound;  direct  conversion  of  tha  optical  RING 
signal  to  acoustical  energy  as  in  tha  HEAR 
function  and  the  use  of  the  optical  ring  signal  to 
trigger  the  release  of  stored  mechanical  energy 
into  a  predetermined  acoustic  signal,  loud  and 
noticeable  enough  to  attract  tha  attention  of  the 
telephone  user.  Both  approaches  were  investi¬ 
gated. 

The  direct  convarsion  of  optical  to 
acoustical  energy  can  be  obtained,  as  in  the 
HEAR  function,  by  the  photo-acoustic  effect. 

The  problem  is  the  same  as  that  of  the  HEAR 
function,  except  for  the  value  of  the  load  im- 
pedence.  Tha  HEAR  couples  into  a  fixed  volume 
load,  whereas,  to  be  useable  Ih  a  manner  com¬ 
parable  to  existing  systems,  tha  RING  must 
couple  into  free  space.  Using  the  HEAR  com¬ 
puter  programs,  a  design  for  a  RING  bom  which 
optimised  the  sound  output  for  a  load  impedance 
of  a  massiass  air  piston  was  derived.  In  this 
case,  bandwidth  was  not  a  major  concern  and  was 
traded  off  for  increased  response  over  a  narrow 
bstnd.  The  RING  bom  is  similar  in  design  to  the 
HEAR  horn  but  the  larger  diameters  are  due  to 
the  different  load  impedance.  Tha  input  radius 
;s  0.  05  cm  and  the  output  radius  is  15.  0  cm. 

Tha  overall  length  is  17  cm.  The  cell  volume 
is  5.  0  s  10"^  em^  and  tha  equalizer  tube 
diameter  and  lengths  are  0.  02  cm  and  20  cm 
respectivaly.  The  predicted  acoustic  output  is 
shown  in  Figure  4. 1.  Tha  predicted  peak 
response  1  meter  from  the  horn  is  75 dB  with 
2.  5  raVf  of  light  and  increases  to  92  dB  with 
1  3  mVf  aC  light. 

The  second  approach  investigated  utilized 
:ne  optical  ring  signal  to  trigger  the  release  of 
mechanically  stored  energy  which  was  then  con¬ 
verted  into  acoustic  energy  to  alert  tha  user  of 
an  incoming  call.  Tha  released  mechanical 
energy  is  restored  at  the  conclusion  of  the  call 


through  the  action  of  the  hook  switch  which, 
when  depressed,  can  be  used  to  compress  a 
spring,  twist  a  torsion  bar,  or  displace  a 
weight,  etc.  The  actual  production  of  sound 
can  be  accomplished  with  a  bell  type  device, 
a  bellows/ vibrating  reed,  etc. 

i'he  initial  investigation  concentrated  on 
the  trigger  mechanism.  When  irradiated,  the 
trigger  released  a  predetermined  amount  of 
mechanical  energy  into  the  sound  producing 
device.  The  deeigned  mechanism  incor¬ 
porated  a  bimetallic  strip;  when  heated  by 
optical  energy,  the  strip  bends  from  its  nor¬ 
mal  position  releasing  the  mechanical  energy. 

After  the  light  pulse  ends,  only  a  few  seconds 
is  required  for  tha  strip  to  cool  to  ambient 
and  return  to  its  initial  latching  position. 

Thus,  each  light  pulse  can  trigger  a  ring  cycle. 

Tha  Harris  RING  mechanism,  incorporating 
the  bimataUlc  trigger,  is  shown  in  Figure  4.  2. 
Mechanical  energy  is  stored  by  means  of  a  spring 
geared  to  a  low  torque  governor.  The  bimetallic 
trigger  in  its  normal  off  position  latches  tha 
governor.  When  a  ring  signal  is  sent,  tha  light 
output  from  the  fiber  is  focused  by  two  lenses  onto 
a  blackened  bimetal  strip  which  deflects  as  it 
heats  up,  releasing  tha  governor.  Tha  drum 
rotaus,  causing  a  set  of  bells  to  be  struck, 
producing  a  sound  much  like  that  of  a  con¬ 
ventional  phone.  Although  the  feasibility  design 
implemenated  was  constructed  of  metal,  ringers 
can  be  fabricaMd  of  plasties  and  ceramics.  For 
this  program,  it  was  decided  to  build  and  teat  the 
ringer  shown  in  Figure  4.  2,  primarily  because  it 
was  easier  and  &ster  to  build,  as  well  as  lower 
risk  than  the  RING  horn  described  previously. 

The  experimental  results  are  described  in  the 
following  section. 

5.  EXPERIMENTAL  RESULTS 

An  electronic  Interface  unit  (EIU)  was  con¬ 
structed  to  test  the  three  components.  Three 
Optical  Information  Systems,  20  mW  laser  diodes 
were  incorporated  in  the  EIU  along  with  their 
associated  signal  dreultry  and  power  supplies. 

The  laser  diodes  were  biased  at  20  mW  for  the 
RING  and  10  mW  for  the  TALK  and  HEAR.  The 
optical  telephone  side  tone  feedback  signal  was 
generated  electronically.  A  1000  cm.  4  fiber 
optical  link  was  used  for  interconnection  in 
testing  the  components. 

The  TALK  signal  levels  were  measured  as 
a  function  of  input  frequency.  The  measurement 
breadboard  is  shown  in  Figure  5.  1.  .A  helium 


aeon  coupled  to  tiie  iopuc  iiber  through 

a  20X  microeeope  objective.  An  opticel  power 
aneter  wae  ujed  to  detect  the  light  vmriatioaet 
the  output  o£  the  meter  wee  fed  to  an  oecilioacope 
for  meaauremeat.  An  audio  oacUlator  provided 
the  aouod  frequeacy  input  which  waa  normalized 
to  90  dB  at  each  frequency.  Oata  waa  taken  under 
three  conditiona:  the  cell  placed  flat  on  the 
bench,  placed  over  a  7  cubic  inch  volume,  and 
finally  a  mechanical  voice  filter  (a  standard 
teiephoae  mouthpiece)  waa  placed  over  the  mem¬ 
brane.  The  measured  voltage  aa  a  fuactiao  of 
input  sound  frequency  is  abowa  in-Flguree  S.  2, 

3.  3,  and  S.  4  for  these  three  cases.  These 
experimental  results  are  of  the  same  form  aa 
the  theoretical  prediction  shown  in  Figure  2. 1. 

The  response,  observed  when  the  diaphragm  was 
backed  )>y  a  reasonable  volume,  has  a  aeries  of 
resonances  with  the  primary  peak  at  about 
237S  Hz.  Testa  were  then  run  in  which  different 
people  spoke  into  the  mechanism  and  the  resulting 
light  modulation  waa  converted  back  into  sound  by 
the  FIU.  The  response  of  the  cell  waa  such  that 
the  individual  voices  were  easily  understandable 
and  identlBable.  Tonal  quality  waa  similar  to 
that  of  the  conventional  telephone  set. 

The  HEAR  mechanism  was  fabricated  and 
initiaily  tasted  by  piacing  the  absorption  cell  near 
the  ear  and  detecting  the  output.  The  laser  diode, 
biased  at  lOmW,  was  100%  modulated  by  the  audio 
generator  and  the  light  signal  waa  applied  to  the 
Hear  cell.  The  tone  waa  easily  audible.  Final 
HEAR  horn  tastiag  its  cantinuing. 

The  Ring  mechanism  described  in  Section  4 
was  fabricated  and  tested  with  the  EIU.  After 
four  seconds  of  a  16  mW  cw  light  signal,  the  ring 
signal  began  and  continued  until  the  light  pulse 
turned  off.  The  ring  produced  aa  audio  output  of 
75  dB  at  a  distance  of  I  meter  from  the  mechanism, 
aa  required. 

6.  CONCLUSIONS/FUTURE  OF  THE  CONCEPT 

The  results  of  the  current  study  indicate  that 
an  all  optical  teiephons  sot  is  technical  feasible. 
The  implementation  methods  and  subsequent 
designs  were  chosen  after  an  inteoaive  literature 
survey  of  past  research  and  brainstorming 
sessions  for  new  ideas.  The  techniques  selected 
were  determined  primarily  on  a  risk/ performance 
basis  where  the  lowest  risk  approach  having  die 
greatest  chance  of  success  was  chosen.  It  is 
obvious  that  much  work  still  needs  to  be  done  both 
in  optimising  the  performance  and  manufacturing 
cost  parameters  of  those  functions  investigated 
in  this  study  as  well  as  other  functions  such  aa 
hook  switch,  sidetooe  and  dialing.  The  associated 


technologies  required  already  exist  with  low  loss 
optical  fibers  and  high  power  laser  diodes  com¬ 
mercially  available.  The  authors  are  hopeful 
that  the  all  optical  telephone  first  envisioned  by 
.Alexander  Graham  Bell  over  100  years  ago,  will 
soon  become  a  reality. 
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Fig.  5.1.  Experimental  Breadboard  for 

Frequency  Response  Measurements. 
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Fig.  5.4.  TALK  Response  with  7.5  cu.  in. 

Volume  and  Mechanical  Voice  Filter. 


New  Wave 
Communications 


Harris-designed  all-optical 
telephones  that  directly 
convert  acoustic  and 
mechanical  energy, 
for  telephone 
functions  soon 
may  be  stream- 
lining  military^  ^ 
•^tactical 

^  y' 

communications. 


In  1880.  4  years  after  he  created  the  tele¬ 
phone.  Alexander  Graham  Bell  invented  an¬ 
other  amazing  device  — a  phone  which  couid 
reproduce  articulate  speech  by  using  beams  of 
light.  The  concept  was  intriguing,  but  in  the 
19th  century.  Bell's  “photophonic  receiver”  was 
hardly  practical.  The  technology  of  the  1880’s 
limited  Bell  to  sunlight  as  Ws  radiant  energy 
source  and  air  as  the  transmission  medium  for 
the  light  beams.  As  a  result,  the  new  phone 
could  only  be  used  on  sunny  days  and  over 
distances  no  more  than  several  feet.  Today, 
however,  with  knowledge  of  fiber  optics,  Harris 
experts  are  proving  that  a  passive  optical  tele¬ 
phone  set  is  not  only  practic^but  may  well 
become  the  phone  of  the  futltfe. 
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Harris  Optical  Systems  specialists  convert  light 
into  sound  using  fiber  optics. 


A  second  method,  not  yet  tested,  involves  a 
more  simplified  and  reliable  process.  A  tone 
generated  at  the  switchboard  drives  a  laser 
diode  to  produce  a  frequency-modulated  beam 
of  light.  The  light  is  transmitted  to  the  phone 
set  by  an  optical  fiber,  and.  as  in  the  'hear  " 
function,  it  is  absorbed  by  a  small  expansion 
cell.  The  resulting  sound  waves  are  relived 
through  another  exponentially  tapered  norn  and 
heard  as  ringing. 

Recently,  a  series  of  experiments  was  con¬ 
ducted  to  test  each  individual  function  on  the 
Harris  phone.  Results  demonstrated  that  the 
tonal  quality  from  the  optical  phone  is  similar 
to  that  of  conventional  phones,  that  conversa¬ 
tion  is  easily  understood  on  the  new  phone, 
and  that  voices  are  recognizable.  Tests  on  the 
mechanical  ringing  device  showed  that  ringing 
begins  4  seconds  after  the  light  pulse  is  sent 
and  continues  until  the  pulse  is  stopped. 

For  the  military,  the  Harris  all-optical  telephone 
will  have  a  number  of  advantages  over  a  con¬ 
ventional  phone.  It  can  supply  both  the  conven¬ 
ience  and  the  security  which  the  military  needs 
in  tactical  situations.  Electrical  outlets  and 
generators  will  no  longer  be  necessary  in  the 
battlefield-  to  operate  the  phones.  Attempts  at 
external  wiretapping  will  be  easily  detectable. 
And  electromagnetic  radiation,  which  does  not 
affect  optical  fibers,  will  no  longer  be  a  poten 
tial  hindrance  to  communications. 

In  addition,  the  all  optical  phone  has  commer 
cial  advantages  which  may  well  lead  to  its  be- 
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This  illustration  of  Bell's  1 9th  century  patent 
shows  the  inventor's  concept  of  an 
optical^  powered  phone.  Today,  his 
design  is  a  model  for  a  more 
feasible  phone  system. 


coming  everyone's  "phone  of  the  future. "  The 
new  phone  requires  no  electronic  interfaces, 
and  thus  has  no  need  for  metal  — specifically, 
copper— parts.  With  the  world’s  supply  of 
copper  decreasing  and  the  cost  of  the  metal 
rising  comparably,  fiber  optics  provide  a  cost 
effective  alternative.  The  raw  materials  from 
which  the  fibers  are  made  are  inexpensive  and 
abundant.  High-powered  laser  diodes,  which 
supply  the  light  source  for  the  all-optical  phone, 
are  already  commercially  available.  In  general, 
the  future  looks  bright  for  an  all-optical  phone. 

It’s  been  a  century  since  Alexander  Graham 
Bell's  photophonic  receiver  was  stored  in  the 
Smithsonian  Institution  for  safekeeping.  Since 
then,  the  technology  has  been  developed  to 
make  an  optically  powered  telephone  practical, 
as  well  as  possible.  The  all-optical  phone  devel 
oped  by  the  Optical  Systems  Department  of  the 
Harris  division  is  an  important  breakthrough  to 
a  whole  new  way  of  communication  by  tele 
phone  and  has  proven  the  feasibility  of  this 
new  technology. 


The  all-optical  phone,  shown  in  its  breadboard 
state,  will  require  no  metallic  parts. 


The  use  of  fiber  optics  in  telephone  communi¬ 
cations  systems  is  not  new.  Already,  optical 
Tibers  have  been  demonstrated  as  an  effective 
substitute  for  the  metallic  cable  trunks  between 
switchboards.  The  fibers  are  readily  available 
and  are  capable  of  handling  the  large  band- 
widths  needed  to  accommodate  heavy  user 
traffic;  however,  today's  telephone  systems  still 
require  electrical  power  and  electronic  inter¬ 
faces  at  the  user  instrument  level.  For  the  mili¬ 
tary.  which  uses  telephone  communications  in 
many  tactical  situations,  this  often  presents  a 
great  inconvenience. 

At  Harris  Government  Communications  Sys¬ 
tems  Division,  communications  specialists  in 
the  Optical  Systems  Department  have  taken  the 
first  major  step  toward  designing  a  phone 
which  can  alleviate  this  problem.  Working  with 
CENCOAAS.  the  G.S.  Army  Communications 
Research  and  Development  Command,  the 
division  has  designed,  built,  and  successfully 
tested  a  phone  system  which  uses  the  direct 
conversion  of  optical  energy  into  acoustic  and 
mechanical  energy  to  pierform  the  three  basic 
phone  functions;  talk,  hear,  and  ring. 

To  accomplish  the  talk  function  in  the  all- 
optical  phone,  the  division  has  designed  a 
small,  thin  diaphragm  with  two  fibers  optically 
coupled  across  its  center.  The  fibers— one 
attached  to  the  diaphragm,  the  other  mounted 
in  a  fixed  position— become  misaligned  as 
sound  waves  hit  the  diaphragm  and  cause  it  to 
vibrate.  Light  passing  through  the  optical  fibers 


is  thus  modulated  and  transmitted  to  the 
switchboard.  Here  it  is  coupled  into  the  hear' 
fiber  of  the  receiving  phone  and  into  the 
earphone  of  the  originating  telephone  for  side 
tone  generation. 

Hearing  in  the  Harris  phone  results  from 
direct  opto-acoustic  conversion.  The  voice- 
modulated  light  signal  being  sent  through 
the  optical  fiber  is  absorbed  in  a  small  expan¬ 
sion  cell  niled  with  carbonized  material.  Air 
within  the  cell  expands  and  contracts  with  the 
varying  light  intensity,  sending  out  pressure 
waves.  A  specially  designed,  exponentially 
tapered  horn  captures  the  sound  waves  and 
relays  them  to  the  listener's  ear,  where  they 
are  heard  as  speech. 

Two  potential  methods  have  been  designed  by 
the  division  to  perform  the  ring  function.  The 
first  method,  which  has  actually  been  built  and 
tested,  relies  on  light  from  optical  fibers  to 
release  stored  mechanical  energy.  The  action 
of  depressing  a  hook,  like  the  receiver  button 
on  a  con\«ntional  telephone,  sets  a  spring 
geared  to  a  low  torque  governor.  Normally,  the 
governor  is  held  fast  by  a  bimetallic  strip.  But 
when  an  incoming  call  is  being  received, 
beams  of  light  from  an  optical  fiber  focus  onto 
the  strip,  causing  it  to  heat  up  quickly,  bend, 
and  release  the  governor.  Once  released,  the 
drum  rotates,  striking  bells  and  producing  the 
ringing  sound  which  alerts  the  user.  When  the 
light  pulse  stops,  the  strip  cools  and  returns  to 
its  original  latching  position. 


The  ring,  talk,  and  hear  func¬ 
tions  of  the  all-optical  phone 
were  tested  by  connecting 
each  mechanism  to  an 
electronic  interface.  Results 
compared  favorably  in  quality 
and  performance  with 
conventional  phones. 


